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PREFACE 


This  volume  contains  the  papers  to  be  presented  at  the 
4th  Symposium  on  Turbulent  Shear  Flows  held  at  the  University 
of  Karlsruhe,  in  Germany  in  the  period  September  12-14,  1983. 

The  meeting  continues  the  series  of  biennial  international 
symposia  launched  at  the  Pennsylvania  State  University  in  1977 
and  continued  at  Imperial  College,  London  in  1979  and  at 
University  of  California,  Davis  1981.  The  aim  of  the  Symposium, 
like  that  of  its  predecessors ,  has  been  to  provide  a  forum  for 
airing  new  developments  across  the  multitude  of  activities  that 
comprise  turbulence  research  in  the  1980's.  The  papers,  which 
provide  the  formal  record  of  the  meeting,  were  selected 
following  review  of  each  of  the  190  extended  abstracts  offered 
for  the  meeting  by  two  members  of  the  Advisory  Committee.  The 
assistance  thus  provided  by  the  Committee,  whose  membership 
appears  in  the  Symposium  programme,  is  most  warmly  appreciated. 

The  final  composition  and  format  of  the  meeting  was  set  by  a 
Papers'  Committee  consisting  of  L.J.S.  Bradbury,  F.  Durst, 

H.  Leuckel  ,  and  M.  McDonald  with  the  assistance  of  Frank  W.  Schmidt 
as  secretary. 

The  Organizing  Committee  wishes  to  acknowledge  financial 
support  kindly  provided  by  the  National  Science  Foundation, 

European  Office  of  Aerospace  Research  Development  (USAF), 

U.S.  Army  Research,  Development  and  Standardization  Group, 

Office  of  Naval  Research  and  in  cooperation  with  American 
Society  of  Mechanical  Engineer's  Heat  Transfer  and  Fluid 
Engineering  Oivision. 


L.J.S.  Bradbury  F.J.  Durst  B.E.  Launder 
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Organizing  Committee 
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ABSTRACT 


II ]  BASIC  SQUATIOHS  AHD  NUMERICAL  METHOD 


A  sacond  order  closure  has  bean  implemented  in  a 
two-dimensional  implicit  Havier-Stokes  solver  for  high 
Reynolds  number  compressible  flows  with  integration  to 
the  wall.  Modification  to  existing  models  wars  necessary 
to  improve  the  skin  friction,  recovery  factor  and  the 
distribution  of  kinetic  energy  and  anisotropy  in  an  adia¬ 
batic  flat  plate  boundary  layer  in  M-3  flow. 


I]  INTRODUCTION 


The  ultimate  goal  of  this  work  is  to  develop  a  see- 
ond -order  closure  model  for  compressible  turbulent  boun¬ 
dary  layers  which  is  capable  of  predicting  the  behavior 
within  a  shock-wave,  boundary  layer  interaction.  Because 
such  a  flow  often  results  in  boundary- layer  separation, 
concurrent  with  its  development,  it  is  necessary  to  in¬ 
corporate  the  model  into  an  efficient  numerical  solution 
scheme  capable  of  solving  the  averaged,  compressible  Na- 
vier-Stokes  equations. 

Although  second  order  closure  models  have  bsen  der¬ 
ived  for  compressible  fluids  in  the  past,  Wilcox  and  Ru- 
besin  (1980),  Dussauge  (1981 ),  Tana  et  al.  (1974)  and 
Bonnet  (1982),  in  the  current  work  it  was  decided  to  re¬ 
derive  the  conservation  and  turbulence  model  equations 
based  on  the  pioneering  incompressible  flow  models  of 
Launder,  Reeee,  and  Rodl  (1975)  and  Hanjalic  and  Launder 
(1976).  The  primary  reasons  for  this  rederivation  were 
to  clarify  the  contributions  to  the  turbulenoe  of  the 
large  divergence  of  velocity  that  occurs  in  compressible 
flows  with  the  npid  pressure  changes  characteristic  of 
shock  waves,  to  consider  the  effects  of  non-sero  mean 
fluctuating  quantities  that  result  from  mass-weighted  av¬ 
eraging,  Farre  (1965),  and  to  permit  integration  to  the 
surface.  The  latter  point  is  emphasised  in  this  paper. 
In  the  near  wall  region,  the  model  of  Hanjalic  and 
Launder  (1976),  which  was  developed  for  use  with 
two-equation  modeling,  is  generalised  to  accept  both  the 
normal  and  shear  Reynolds  stresses  that  are  dependent 
variables  la  the  current  work. 


The  numerical  method  used  in  this  study  is  the  new 
implict  scheme  of  MacCormack  (1981). 

This  method  represents  an  implicit  extension  of  an  expli¬ 
cit  method  also  developed  by  MacCormack  (1971 ).  The  new 
method  contains  two  stages. 

In  the  first  stage,  MacCormack' s  explicit 
predictor-corrector  scheme  is  used.  Here,  the  finite 
difference  equations  approximate  the  governing  fluid  flow 
equations  to  second  order  accuracy  in  space  and  time,  but 
are  subject  to  restrictive  explicit  stability  criteria. 
The  second  stage  removes  these  stability  conditions  by 
numerically  creating  an  implicit  form  of  the  finite 
difference  equations.  This  new  method  is  unconditionally 
stable  and  can  be  made  second  order  accurate  for  most 
flows.  The  MacCormack  algorithm  utilizes  the  vector  form 
of  the  set  of  equations  that  is 


m  +  iL+i &  =  h  (o 

at  nx,  -aij 


For  two-dimensional  flows  with  Favre  averaging  and 
second-order  modeling,  the  components  of  the  dependent 
variable  vector  are  represented  by 


(2) 


Note  that  in  the  present  analysis,  the  heat  flux  vector 
is  not  treated  with  a  field  equation  because  first-order 
closure  is  applied  to  the  total  energy  equation  needed  to 
establish  the  temperature  field.  This  was  dons  for  com¬ 
putational  efficiency,  but  it  is  not  believed  to  intro¬ 
duce  significant  error  under  the  adiabatic  conditions  of 
Interest  in  the  present  work. 


The  numerical  method  used  in  this  study  is  based  on 
the  the  work  of  MacCormack  (1971)  and  (1981). 

Only  results  applicable  to  flow  over  an  adiabatic 
flat  plate,  without  pressure  gradient,  in  a  M-3  airstream 
will  be  presented  here.  These  results  demonstrate  the 
ability  of  the  model  to  provide  the  surface  parameters  of 
skin  friction  coefficient  and  recovery  factor  and  the 
profiles  of  both  the  mean  flow  properties  and  the  indivi¬ 
dual  Reynolds  stresses  throughout  the  boundary  layer.  It 
is  believed  a  good  representation  of  the  Reynolds 
stresses  in  the  near  wall  region  will  be  critical  in  the 
application  of  the  current  methods  to  the  prediction  of 
the  onset  of  separation. 


Consistent  with  Eq. ( 1 )  and  the  dependent  variable 
vector  of  Eq.(2),  the  conservation  equations  are  written 
in  the  following  forms. 

The  continuity  of  mass  is 


(3) 


where  the  repeated  index  k  represents  the  x  and  y  terms 
in  Eq.(l),  respectively. 


When  fluctuations  la  viscosity  ara  ignored,  the  mom- 
sntua  in  the  i'th  direction  is  rsprssantsd  by 
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share  the  strain  tansor  in  the  viscous  tan  is  approxi- 
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In  8q. (5),  the  aaan  values  of  the  aaas  weighted  fluctuat¬ 
ing  velocities,  though  non-saro  in  Favre  averaging,  have 
been  neglected  in  the  low  Reynolds  number  tens. 

When  fluctuating  thermal  conductivity  and  viscosity 
are  neglected,  the  total  energy  equation  becomes 

vie  itisla.  ♦  fCvS^u.!  _  XU  (j) 
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To  solve  Bqs.(3)  to  (6),  it  is  neegspary  to  evaluate 
simultaneously  the  Reynolds  stresses, ?u..uj,  the  turbulent 
diffusion  of  kinetic  energy  ,^f>u3e’u£  the  turbulent  heat 
f^igt,  and  the  averages  of  the  fluctuating  velocities, 
p  f<C,  or  their  gndlents. 

The  exact  equations  for  the  Reynolds  stresses  in 
mass-weighted  average  variables  written  in  divergence 

fon  are 


These  equations  are  modeled  by  extending  the  incompressi¬ 
ble  flow  models  of  Launder,  Reece,  and  Rodl  (1975)  and 
Hanjalic  and  Launder  (1976)  to  compressible  conditions  by 
introducing  Favre  averaging,  reintroducing  the  non-saro 
divergence  terms  that  were  eliminated  in  the  original  mo¬ 
dels,  and  accounting  for  the  non-sero  mass  weighted  fluc¬ 
tuating  velocities,  Rubesin  (1976),  Further,  some  of  the 
modeling  decisions  in  Hanjalic  and  Launder  (1976)  relat¬ 
ing  the  values  of  the  Reynolds  stresses  to  the  kinetic 
energy  in  their  two-equation  model  can  be  avoided  here 
slnoe  these  stresses  are  computed  individually  in  the 
present  work. 

The  modeled  Reynolds  stress  equations  are 
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The  turbulence  is  scaled  with  the  disaipation  of  ki¬ 
netic  energy,  a  ,  given  by  the  equation 
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Although  not  used  in  the  present  application,  note  the 
presence  of  a  pressure  gradient  term  that  is  introduced 
by  the  compressibility. 

Finally,  the  total  energy  equation  is  modeled  in 
first  order,  and  becomes 
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The  modeling  coefficients  used  in  these  equations  are 
given  in  table  I. 

The  computations  were  performed  in  a  rectangular 
computation  domain  that  was  located  downstream  of  the 
leading  edge  of  the  flat  plate.  The  boundary  conditions 
at  the  upstream  edge  of  the  computation  domain  were  de¬ 
termined  from  the  Output  of  a  boundary- layer  code  that 
contains  the  Wilcox  and  Rubesin  turbulence  model.  This 
model,  as  a  special  case,  uses  the  Launder,  Reece,  and 
Rodi  model  for  the  pressure  rats  of  strain  terms  in  homo¬ 
geneous  flow,  but  without  the  near  wall  modification,  and 
accounts  for  compressibility  by  use  of  the  local  mean 
density  and  non-sero  dilitation  in  tbs  definition  of  the 
mean  strain  rate.  The  scaling  parameter  in  this  model  is 
the  square  of  the  dissipation  rate  per  unit  of  kinetic 
energy.  The  model  also  contains  some  near  wall,  or  low 
Reynolds  number,  modifications  to  allow  integration  to 
the  surface  that  are  equivalent  to,  but  different  from, 
those  used  by  Hanjalic  and  Launder  (1976),  These  differ¬ 
ences  of  the  model  in  the  boundary- layer  code  and  the  one 
used  here  causes  a  sudden  departure  from  the  upstream 
boundary  conditions  to  occur  in  the  computations.  The 
sixe  of  this  departure,  however,  is  very  small  and  it  ex¬ 
tends  into  the  computation  zone  by  only  about  two  stream- 
wise  mesh  spacings.  This  "mismatch"  of  models  affects 
the  overall  results  to  such  a  small  extent  that  it  does 
not  warrant  "renormalizing"  the  upstream  conditions  by 
the  results  of  the  present  calculations  a  short  distance 
into  the  computational  domain. 

The  boundary  conditions  at  the  surface  are  set  to 
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The  boundary  conditions  at  the  "top"  of  the  computa¬ 
tional  domain  are  set  to  *  constant,  with  all  of  the 
other  dependent  variables  set  to  a  zero  derivative  in  the 
normal  direction. 

The  downstream  boundary  conditions  for  all  the  dependent 
variables  are  zero  derivatives  in  the  streamwise  direc¬ 
tion. 
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Ill]  RESULTS  AHD  DISCUSSIOH 


The  computations  presented  here  are  confined  to  the 
evaluation  of  the  turbulent  bounder?  layer  on  an  adiabat¬ 
ic  flat  plate,  with  zero  axial  pressure  gradient,  In  an 
airstreaa  at  S»3.  The  purpoee  of  these  calculations  vas 
to  exaaine  the  applicability  of  extending  turbulence  mo¬ 
dels  derived  for  incoapressible  flows  to  conditions  where 
compressibility  or  the  variation  of  mean  properties  is 
significant.  Under  these  zero  axial  pressure  gradient 
conditions,  however  the  pressure  gradient  terns  in 
Eqa.(8)  and  (9)  essentially  vanish  so  that  the  nodeling 
of  tens  such  as  u"  cannot  be  tested  here.  In  addition, 
■edifications  of  the  full  Reynolds  stress  equations  to 
account  for  locally  low  Reynolds  nuabers  and  to  permit 
integrations  to  the  surface  are  developed  so  as  to  yield 
results  consistent  with  near-wall  experimental  data,  Eck- 
e Ioann  (1974),  Kreplin  and  Ecke  Ioann  (1979). 

It  is  often  difficult  in  the  solution  of  conplex 
flow  fields  that  require  the  Ravier-Stokes  equations  to 
separate  the  effects  of  the  basic  solution  algoritha  and 
the  necessarily  limited  nesh  configuration  from  those  of 
the  turbulence  nodal.  To  enable  us  to  distinguish  the 
contributions  of  these  effects  ,a  boundary  layer  code 
utilizing  the  saae  turbulence  model  as  in  the 
Ravier-Stokes  code  was  also  employed.  This  boundary 
layer  code  uses  a  modified  version  of  the  Patankar  and 
Spalding  method,  and  is  described  in  detail  by  Vandromme 
(1980).  The  initial  profiles  used  with  the  boundary 
layer  code  are  identical  to  those  described  above  for  the 
Havler-Stokes  code.  In  addition  to  helping  verify  the 
numerics  of  the  Ravier-Stokes  code,  the  speed  Of  the 
boundary  layer  code  enabled  it  to  be  a  most  useful  tool 
to  guide  and  test  turbulence  model  modifications  prior  to 
their  introduction  into  the  more  time  consuming 
Ravier-Stokes  cods. 

In  the  computations  that  follow  the  boundary  layer 
coda  employed  12B  mesh  points  across  the  computational 
domain.  In  contrast,  the  Ravier-Stokes  code  employed 
only  32  mesh  points  across  its  computational  domain.  The 
■eah  spacing  in  both  codes  is  exponentially  stretched 
from  a  fine  spacing  near  the  surface,  to  resolve  the  re¬ 
gion  where  very  rapid  changes  in  the  mean  velocity  occur, 
to  a  relatively  coarse  mash  in  the  outer  flow  where  the 
velocity  is  asymptotically  approaching  a  constant  value. 
Prior  to  selecting  these  meshes,  tests  indicated  that  re¬ 
sults  obtained  with  the  boundary- layer  code  did  not  devi¬ 
ate  significantly  from  those  presented  here  when  as  many 
as  200  mesh  points  were  used  across  its  computational  do¬ 
main.  Similarly  30  mesh  points  were  tried  with  the  Ra¬ 
vier-Stokes  code  and  found  to  yield  insignificant  differ¬ 
ences  in  the  results.  Consequently,  the  more  economical 
128  and  32  mesh  point  configurations  perpendicular  to  the 
surface  were  selected  for  the  boundary- layer  and 
Ravier-Stokes  codes,  respectively,  for  the  calculations 
shown  in  this  work.  In  the  flow  direction,  the 
boundary-layer  code  selects  its  own  mesh  spacing,  while 
the  Ravier-Stokes  code  utilised  a  mesh  spacing  which  cor¬ 
responded  to  about  one-half  the  boundary  layer  thickness 
at  the  inflow  boundary.  Experience  with  other 
Ravler-3tokes  codee  has  shown  this  streamwise  resolution 
to  be  adequate  for  an  accurate  solution  of  an  equilibrium 
boundary  layer  flow,  Vlegaa  and  Horstmann  (1978). 

The  first  case  calculated  employed  the  modeling 
coefflclenta  recommended  by  Launder,  Reece,  and  Rodi 
(1973),  Hanjalic  and  Launder  (1 976 ) ,  and  Gibson  and 
Launder  (1976).  These  are  shown  in  table  I.  The  results 
of  the  calculations  with  this  model  reffered  to  as  the 
standard  model  are  shown  in  Figs.  1  to  9.  The  first  two 
figures  show  the  mean  velocity  profiles  in  the  near-  wall 
and  wake  portions  of  the  boundary  layer.  To  account  for 
compressibility,  the  mean  velocity  in  both  figures  vas 
transformed  according  to  the  relation 


These  figures  show  the  transformed  mean  velocity  profilee 
calculated  with  both  the  Ravier-Stokes  (R.S.)  and  the 
boundary  layer  (B.L. )  codes  at  a  station  where  the  local 
Reynolds  number  based  on  momentum  thickness  is  10  . 

Fig.  1  is  plotted  in  "lav  of  the  wall"  coordinates,  when 
7*  is  defined  in  terms  of  wall  properties.  The  computed 
results  from  the  two  codes  are  in  close  agreement  over 
most  of  the  boundary  layer  and  behave  in  the  generally 
expected  manner.  The  computed  reeulte  fit  the  u*  •  y« 
curve  near  the  surface,  and  then  blend  gradually  to  a  lo¬ 
garithmic  behavior  that  has  a  smaller  slope  and  higher 
level  than  the  straight  line  which  represents  the  normal 
logarithmic  "law  of  the  wall".  The  values  of  skin  fric¬ 
tion  found  from  the  two  codes  are  included  on  the  figure 
and  agree  within  3.5 %,  but  are  about  13*5%  lower  than 
that  evaluated  from  the  Karman-Schoenherr  skin-friction 
law  modified  according  to  the  van  Driest  II  transforma¬ 
tion,  van  Drieat(l951 )•  Only  about  half  of  the  excees  of 
the  computed  velocity  in  the  logarithmic  region  can  be 
explained  by  the  relative  skin  friction  results.  The 
calculated  recovery  factor  was  r-0.85. 

Fig.  2  shows  the  transformed  mean  velocity  profiles 
in  the  bulk  of  the  boundary  layer.  For  reference,  the 
solid  line  repreeents  the  extension  of  Coles'  "law  of  the 
wake",  to  compressible  flow  through  the  use  of  Eq. ( 1 1 ) , 
Hopkins,  Keener,  Polek  and  Dwyer  (1972).  The  agreement 
between  the  results  from  the  boundary  layer  and 
Ravier-Stokes  codes  over  this  major  portion  of  the  boun¬ 
dary  layer,  is  very  good.  These  results  appear  to  be 
fuller  than  the  "law  of  the  wake",  and  only  about  half 
the  fullness  can  be  attributed  to  the  lower  predicted 
skin  friction. 

Fig.  3  shows  a  comparison  between  the  calculated 
values  of  the  normal  Reynolds  stresses,  from  both  codes, 
and  data  from  the  experiments  of  Klebanoff(l955)  and  Ro¬ 
binson,  Seegmiller,  and  Kussoy(l983) •  These  experimental 
results  are  referred  to  on  the  figure  as  KLEB  and  LASR, 
respectively.  The  Klebanoff  experiment  was  conducted 
over  a  large  flat  plate  at  a  speed  sufficiently  low  so 
that  the  air  acted  as  an  incompressible  fluid.  In  con¬ 
trast,  the  Robinson  st  al.  experiment  was  in  an  airstre- 
sm  of  M-3,  along  a  circular  cylinder.  The  coordinates 
chosen  for  this  figure  collapses  these  different  data  re¬ 
asonably  well,  suggesting  that  mass  weighting  of  Reynolds 
stress  accounts  quite  well  for  the  affects  of  compressi¬ 
bility.  This  correlation  of  the  experimental  data  im¬ 
plies  that  it  is  also  permissible  to  compare  M»3  calcula¬ 
tions  with  data  from  experiments  with  incompressible  flu¬ 
ids.  As  with  the  mean  velocity  results,  the 
Ravier-Stokes  and  boundary- layer  codes  agree.  In  compar¬ 
ison  with  the  experimental  data,  the  computed  results  for 
u  and  w  are  generally  low  in  the  inner  portion  of  the 
boundary  layer  and  high  over  the  outer  30%,  or  so,  of  the 
boundary  layer.  The  calulated  v  is  slightly  higher  than 
the  data  over  the  entire  boundary  layer.  Rote  that  in 
this  figure,  and  in  subsequent  figures,  the  abscissa,  y/ 

,  is  based  on  the  mean  momentum  boundary  layer  thickneas 
corresponding  to  each  individual  case.  This  allows  ob¬ 
serving,  in  this  figure,  the  extent  of  the  Reynolds 
stress  profiles  relative  to  their  velocity  thickness  for 
each  case. 

Figs.  4  and  5  represent  the  turbulence  kinetic  en¬ 
ergy,  or  1/2  the  trace  of  the  Reynolds  street,  tensor,  in 
the  near  wall  region  and  over  the  bulk  of  the  boundary 
layer,  respectively.  The  small  differences  in  the 
Ravier-Stokee  and  boundary  layer  results  are  not  consi¬ 
dered  significant,  when  consideration  is  given  to  the 
stiffness  of  the  Reynolds  stress  equatiins  and  the 
differences  in  the  mesh  resolution  utilized  in  the  two 
codes.  The  data  of  Eckelmann  (1974),  Kreplin  and  Eckel- 
mann  (1979)  and  of  Klebanoff  (1955)  on  these  and  subse¬ 
quent  figures  are  represented  by  the  symbols  identified 
by  KREP  and  KLEB,  respectively.  Fig.  4  shows  the  extent 
to  which  these  calculated  results  underprediet  the  kinet¬ 
ic  energy  of  the  turbulence  for  y*<250  (this  corresponds 
to  about  the  limit  of  the  useful  range  of  comparisons 
with  the  wall  coordinates  for  this  case).  Conversely, 
Fig.  5  shows  that  a  significant  over  prediction  of  the 
level  of  kinetic  energy  occurs  over  the  remaining  bulk  of 
the  boundary  layer.  Fig.  5  also  shows  that  the  ealeu- 


lated  turbulence  kinetic  energy  thickness  eorraaponda 
wall  with  the  aaasurad  thickness  whan  aach  ia  compared  to 
their  respective  mean  velocity  boundary  layer 
thicknesses. 

Pigs.  6  and  7  show  the  shear  straaa  distribution  in 
the  boundary  layer,  again  in  coordinates  appropriate  to 
the  near-wall  ragion  and  over  the  bulk  of  the  boundary 
layer.  Again  the  Havier-Stokas  and  boundary  layer  solu¬ 
tions  are  in  reasonably  good  sgreeaent.  In  the  wall  re¬ 
gion,  up  to  a  y*- 100,  the  shear  stress  fits  the  experi¬ 
mental  data  exceedingly  well,  auch  better  than  would  have 
been  expected  froa  the  kinetic  energy  distribution  shown 
in  Pig.  4.  This  good  agreeaent  assures  that  the  subla¬ 
yer  and  buffer  regime ,  where  as  auch  as  60S  of  the  aoaen- 
tua  change  in  the  boundary  layer  can  occur,  are  well  re¬ 
presented  by  this  aodel.  In  the  main  part  of  the  bounda¬ 
ry  layer,  the  shear  stress  exceeds  the  experimental  data 
by  aa  auch  as  60S,  which  is  consistent  with  the  behavior 
of  the  kinetic  energy,  indicated  in  Pig.  5.  As  with  the 
kinetic  energy,  the  calculated  shear  stress  thickness  is 
consistent  with  the  thickness  of  the  mean  flow  boundary 
layer.  This  is  not  surprising  since  the  shear  stress  in¬ 
timately  affects  the  mean  motion. 

Plnally,  the  ratio  of  the  local  shear  stress  to  tur¬ 
bulence  kinetic  energy  are  shown  in  Pigs.  8  and  9  for 
the  bulk  of  the  boundary  layer  and  the  near  wall  region, 
respectively.  It  is  observed  from  Pig.  8  that  this 
ratio  reaains  essentially  constant  and  equal  to  0.34  over 
■oat  of  the  boundary  layer.  This  value  essentially 
agrees  with  the  value  reported  by  Bradehaw(l967) ,  but  is 
about  10S  higher  than  the  Klebanoff  data  plotted  on  the 
figure.  The  differences  between  the  results  froa  the  Na- 
vler-Stokes  and  boundary  layer  calculations  near  the 
outer  edge  of  the  boundary  layer  are  explainable  by  the 
large  differences  in  the  mesh  spacing  of  the  two  coaputer 
codes.  In  Pig.  9,  this  ratio  is  shown  ia  comparison 
with  the  near  wall  data  of  Kreplin  and  Eckelaann  and  of 
Klebanoff.  Again  the  differences  of  the  coaputed  results 
can  be  attributed  to  the  aeah  differences.  It  is  noted 
that  the  coaputed  results  retain  their  value  of  close  to 
0.3  auch  elder  to  the  surface  than  the  experimental 
data.  The  high  calculated  values  of  the  ordinate  in  the 
region  of  y*<  100  reflects  the  results  shown  on  Pigs.  4 
and  6.  There  the  calculated  kinetic  energy  of  turbulence 
was  significantly  lower  than  the  measured  values  whereas 
the  calculated  shear  stress  represented  the  data  well. 
The  high  values  of  the  Kreplin  and  Eckelaann  data  closest 
to  the  surface  are  believed  to  be  unreal  as  the  ratio  is 
expected  to  approach  zero  linearly  with  the  distance  from 
the  surface. 

The  coaputed  results  shown  on  the  previous  figures 
were  indicated  to  be  essentially  independent  of  the  par¬ 
ticular  coaputer  code  and/or  the  computational  aeah  em¬ 
ployed.  Thua,  they  represent  a  reliable  test  of  the  tur¬ 
bulence  aodel  for  flow  of  an  airstrsaa  at  M-3  over  a  flat 
plate  in  a  zero  pressure  gradient.  This  test  shows  qual¬ 
itative  agreeaent  with  experieaent  but  overall  the  turbu¬ 
lence  aodel  is  in  need  of  quantative  improvement  before 
it  should  be  applied  to  more  complex  flows  that  aay  be 
very  dependent  on  the  noraal  stresses. 

Soae  of  the  weaknesses  of  the  standard  model  are 
manifest  in  the  following  mean  results:  (1)  The  local 
skin  friction  ia  about  10.3  to  13-5?  lower  than  expected. 
(2)  The  recovery  factor  is  0.85  instead  of  the  required 
0.89  or  0.9.  (3)  The  aean  velocity  profile  ia  soaewhat 
fuller  than  expected.  These  aean  results  are  caused  by 
the  standard  aodel  characteristics  which  yield:  low  va¬ 
lues  of  the  kinetic  energy  of  turbulence  near  the  sur¬ 
face,  but  values  that  are  high  for  y/  >0.15:  too  little 
anisotropy  near  the  surface,  too  high  a  value  of  aniso¬ 
tropy  over  y/  >0.15:  values  of  the  turbulent  shear 
stress  that  are  quite  good  near  the  surface,  but  high  in 
the  region  when  y/  >0.1.  These  Inconsistencies,  in  the 
standard  aodel  suggest  it  vould  be  Inadequate  for  use  for 
aore  coaplex  flows  such  aa  aight  occur  when  severe  pres¬ 
sure  gradients  axis*  and  where  a  knowledge  of  the  noraal 
stresses  are  iaportuve  The  failures  of  this  aodel  to  give 
good  noraal  Reynolds  stress  results  is  disquieting  for  it 
is  just  for  flows  where  the  noraal  stress  might  be  inpor- 
tant,  such  as  where  separation  and  attachment  occur,  that 


the  Reynolds  stress  aodel  would  be  expected  to  be  most 
useful  and  more  accurate  than  less  coaplex  models  of  tur¬ 
bulence  (eg.  k-  models). 

To  improve  the  results  based  on  the  standard  model, 
modifications  were  made  to  soae  of  the  modeling  coeffi¬ 
cients.  These  are  indicated  in  table  I  under  the  title 
"new".  The  reasoning  underlying  these  changes  is  given 
below. 

To  improve  the  anisotropy  in  the  vicinity  of  the 
surface,  the  coefficient  fl  (see  table  I)  was  introduced 
to  reduce  Cl ,  the  coefficient  of  the  return  to  isotropy 
terms  of  Eq  8.  The  values  of  the  constants  in  fl  were 
selected  to  produce  an  enhanceaent  of  the  anisotropy  in 
the  near  wall  region  but  without  yielding  unrealistic  va¬ 
lues  of  the  normal  stresses  at  the  onset  of  the  fully 
turbulent  region.  A  25?  increase  in  the  exponent  of  fl 
over  the  value  2.0  was  found  to  violate  realizability 
there.  With  these  modifications  to  Cl ,  further  improve¬ 
ments  in  the  anisotropy  near  the  surface  were  still  re¬ 
quired.  It  was  decided  then  to  modify  the  coefficients 
C3,  C4  and  C5  in  the  "near  wall"  correction  to  the  pres¬ 
sure  rate  of  strain  correlation  term  of  Eq.  8.  During 
the  derivation  of  the  values  of  these  coefficients,  it 
was  found  that  values  based  on  the  normal  and  shear 
stresses  from  a  consensus  of  experimental  data  (Launder 
at  al.  (1975)),  did  not  agree  exactly  with  the  values  of 
C3,  C4  and  C5  indicated  in  Launder  et  al.  (1975).  The 
values  derived  in  the  present  work  are  shown  in  table  I . 
It  was  found  these  new  coefficients,  themselves,  Improved 
the  anisotropy,  but  the  results  still  shoved  too  low  a 
kinetic  energy  in  the  near  wall  region. 

It  was  decided  then  to  emphasize  the  improvement  in 
the  kinetic  energy,  before  further  optimizing  the  aniso¬ 
tropy.  This  was  attempted  through  changes  in  the  dissi¬ 
pation  rate  equation.  It  was  reasoned  that  enhanced  dif¬ 
fusion,  i.e.  increased  C_,  would  reduce  _  in  the  near 
wall  region  and  increase  it  in  the  outer  part  of  the 
boundary  layer,  and  that  this  vould  in  turn  increase  k 
near  the  surface  and  lower  it  in  the  outer  part  of  the 
boundary  layer  as  would  be  required  from  the  behavior  of 
k  related  to  that  shown  in  Fig.  4  and  5.  As  expected, 
the  combined  effect  was  the  movement  of  the  peak  of  the  k 
curve  towards  the  surface.  The  change  in  C_  was  accom¬ 
panied  by  a  change  in  C _  to  maintain  the  customary 

log-lav  relationship,  see  Eq.  (31 )  of  Launder  et  al. 
(1975).  Also,  since  k  was  too  low  near  the  wall,  f_ 
served  no  purpose  in  the  present  model  and  was  set  to 
unity.  Vitb  these  changes  to  the  dissipation  equation, 
it  was  found  that  better  skin  friction  results  were  obta¬ 
ined  from  changing  C_3  from  2.0  to  1.0. 

The  results  of  these  combined  changes  to  the  turbu¬ 
lence  model  are  shown  in  Figs.  10  through  18.  Fig.  10 
shows  improved  skin  friction  and  agreeaent  with  the  law 
of  the  wall  over  the  standard  model.  Although  not  shown, 
it  was  found  that  the  skin  friction  coefficient  showed 
similar  agreement  with  the  theoretical  value  after  the 
Initial  "mismatch"  in  flow  conditions  discussed  above  de¬ 
cayed.  It  is  interesting  that  use  of  the  saae  diffusion 
coefficient,  Cse,  in  the  total  energy  equation  now  re¬ 
sulted  in  a  temperature  recovery  factor  equal  to  0.88  in 
close  agreeaent  with  experimental  results.  It  ia  be¬ 
lieved  that  the  enhanced  anisotropy  in  the  near  wall  re¬ 
gion  that  reduces  v_  led  to  this  result.  Fig.  11  shows 
that  the  aean  velocity  profile  in  the  outer  portion  of 
the  boundary  layer  is  essentially  unchanged  by  the  turbu¬ 
lence  model  modifications. 

The  effects  of  the  model  modifications  can  be  seen 
most  clearly  in  the  behavior  of  the  Reynolds  stresses  and 
kinetic  energy.  Froa  a  comparison  of  Figs.  3  and  1 2 ,  it 
is  observed  ,in  the  very  near  wail  region,  that  the  modi¬ 
fied  aodel  yields  higher  u_  and  w_,  and  lower  v_.  The 
latter  is  remarkably  consistenT  with  the  experimental 
data,  whereas  the  u_  and  v_  are  still  lower  than  the 
data.  Further  out~in  the~boundary  layer  the  v_  is  still 
in  good  agreeaent  with  the  data,  whereas  the  u_  and  w_ 
still  rise  above  their  corresponding  experimental  values, 
though  not  as  high  as  the  standard  aodel. 


Figs.  13  and  14  show  that  tb«  new  distribution  of 
tha  turbulent  kinetic  energy  la  tbs  vicinity  of  tha  sur- 
faea  and  ovar  tha  bulk  of  tha  boundary  layar  conform 
battar  with  tha  axpsrlaantal  data  than  tha  standard 
aodal. 

Tha  expected  changes  in  k  by  tha  altaration  of  tha 
modeling  coafficianta  in  tha  dissipation  aquation  dis- 
cuaaad  aailiar  occurrad,  but  thara  is  still  rooa  for  im¬ 
provement.  3irj.lar  iaprovaaants  did  not  occur  in  tha  uv 
curves  shown  in  Tigs .  15  and  16.  Tha  c hangs  in  Tig.  17 
is  not  vary  dramatic.  Flgura  18,  which  aaphasizaa  tha 
behavior  of  uv/k  in  tha  naar  wall  ragion,  howavar  shows 
astonishing  lmprovsaant  ovar  tha  standard  nodal. 

IT  COICLOSIOIS 


A  sacond  ordar  closurs  has  baan  iaplanantad  in  a  2-D 
implicit  Havier-Stokes  solvar  for  high-Reynolda-nuaber 
coaprsas-  ibis  flows. 

Tha  basic  Launder,  Bases,  and  Bodi  (1975)  and  Hanjallc 
and  Launder  (1976)  models  have  baan  rederived  and  modi¬ 
fied  to  include  compressibility  effects  and,  especially, 
to  allow  integration  of  all  the  equations  to  the  wall. 
Although  the  basic  equations  are  applicable  to  complex 
compressible  flows,  to  emphasise  the  modeling  required  to 
extend  tha  computations  to  tha  surface  accurately,  the 
calculations  were  confined  to  the  simpler  case  of  flow 
over  an  adiabatic  flat  plate  in  a  M«3  airstream  where 
transformed  incompressible  flow  data  could  ba  utilized 
for  guidance  of  the  turbulence  modeling.  To  avoid  ambi¬ 
guities  regarding  the  influanca  of  the  numerics,  tha 
identical  turbulence  model  introduced  in  the 
Havier-Stokes  code  was  also  implemented  in  a  boundary 
layer  code.  Both  codes  employed  common  upstream  boundary 
conditions.  It  was  found  that  32x32  mash  point  computa¬ 
tions  in  tha  Havier-Stokes  code  yielded  comparable  re¬ 
sults  to  those  given  by  the  boundary  layar  code  with  128 
crosswise  mash  points. 

Than  a  modal  waa  used  that  was  tha  logical  combina¬ 
tion  of  the  methods  of  Launder,  Baeoa,  and  Bodi  (1973) 
and  Hanjallc  and  Launder  (1976)  it  was  found  that  both 
tha  Havier-Stokes  and  boundary  layar  codas  could  be  in¬ 
tegrated  to  the  surface,  but  that  the  reaults  were  not 
satisfactory  in  all  respects.  In  particular,  deficien¬ 
cies  ware  noted  in  the  predicted  anisotropy  and  the  ki¬ 
netic  energy  throughout  tha  boundary  layer  and  in  the 
shear  stress  in  the  outsr  part  of  tha  boundary  layer. 
These  deficiencies  were  reflected  in  fairly  sull,  but 
significant,  errors  in  the  mean  velocity  profiles  and  the 
surface  quantities  of  skin  friction  and  recovery  factor. 
The  modal  was  than  modified  by  ( 1 )  damping  the  Botta  re¬ 
turn  to  isotropy  term,  (2)  adjusting  the  near-wall  pres¬ 
sure  rate  of  strain  terms  of  the  Launder,  Bases,  and  Bodi 
(1975), (3)  modifying  tha  turbuiant  diffusion  of  the  dis¬ 
sipation  rate, and  (4)  altering  tha  coefficient  in  the 
Hanjallc  and  Laundar  (1976)  dissipation  rata  equation 
needed  there  to  permit  integrations  to  the  surface. 
These  turbulence  aodal  modifications  produced  excellent 
values  of  skin  friction  and  recovery  factor,  and  mainta¬ 
ined  reasonably  good  velocity  profiles  in  the  wake  re¬ 
gion.  The  anisotropy  and  kinetic  energy  reaults,  while 
battar  than  those  of  the  standard  model,  are  still  in 
naad  of  improvement,  as  is  also  the  shear  stress  in  the 
wake  ragion  of  tha  boundary  layer.  Finally,  tha  new 
aodal  yields  results  of  <uv>/k  vary  naar  tha  surface  that 
are  in  remarkable  agreement  with  tha  transformed  experi¬ 
mental  data. 

Although  tha  aodal  iaprovaaants  suggested  in  this 
paper  have  resulted  in  what  is  believed  to  be  limited 
success,  it  is  not  clear  that  further  improvement  can  be 
made  unambiguously  at  this  time.  The  modelling  changes 
performed  here  were  guided  by  experimental  data  obtained 
in  incompressible  flows  that  were  extended  to  the  condi¬ 
tions  of  the  N-3  test  case  through  the  use  of  local  den¬ 
sity  or  s  van  Driest  like  transformation.  The  magnitude 
of  the  error  of  this  approach  could  not  be  assessed  from 
the  widely  scattered  existing  compressible  flow  data, 
Fernhols,  Finley,  and  Hlkulla  (1981).  Fine  tuning  of  the 
turbulence  model  may  have  to  wait  for  more  extensive  ex¬ 
periments  utilising  more  accurate  instrumentation  such  as 
Bobinaon,  Seegmiller,  and  Kuasoy  (1983). 
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Table  I  :  modeling  coefficients  and  functions 
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fig.  1 .  Velocity  profile  (standard  sodel). 
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Horsal  stress  distribution  (standard  sodel) 


Turbulent  kinetic  energy  (standard  sodel). 
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Pig.  2.  Defeot  velocity  profile  (standard  sodel). 
(compressible  effects  included) . 


Pig.  6.  Turbulent  shear  stress  (standard  sodel). 


PREDICTION  OF  WALL-BOUNDED  TURBULENT 
FLOWS  WITH  AN  IMPROVED  VERSION  OF 
A  REVNOLDS-STRESS  MODEL 
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Irvine,  California  92717 


ABSTRACT 

The  paper  proposes  some  improvements  to  the  modeled 
transport  equations  of  the  Reynolds  stresses  u.u,  and 
the  turbulence  energy  dissipation  rate  e  introduced  by 
Launder,  Reece  and  Rodi  (1975)  and  Hanjallc  A  Launder 
( 1976). Special  attention  is  given  to  modeling  the 
pressure  -  scrain  correlation  near  solid  walls  and  the 
treatment  of  the  boundary  conditions  for  c  , 

Predictions  obtained  with  the  proposed  model  are 
compared  with  measurements  of  confined  flows  with  and 
without  recirculation. 

INTRODUCTION 

The  Reynolds-stresses  model  proposed  by  Launder, 
Reece  &  Rodi  (1975)  was  shown  to  predict  many  flows  with 
reasonable  accuracy  such  as  jets,  mixing  layers, 
symmetric  and  asymmetric  channel  flows.  Later,  Pope  & 
Whitelaw  (1976)  predicted  near  wake  flows  using  both  the 
k-E  model  and  the  Launder  et  al.  model  (hereinafter 
called  LRR)  and  found  Che  latter  Co  yield  significantly 
better  results.  However,  the  LRR  model  is  a  high 
Reynolds  number  model  which  does  not  account  for  the 
Influence  of  viscosity  on  the  various  transport 
processes  of  u^u,  and  e  .  Regions  adjacent  to  solid 
walls  where  steep  velocity  gradients  exist  and  viscous 
effects  are  important  were  avoided  in  the  computations 
of  LRR  and  and  Pope  &  Whitelaw  (1976).  Instead  surface 
boundary  conditions  were  transferred  to  points  within 
the  fluid  removed  from  the  near-wall  region  by  Che  so- 
called  wall  functions.  Thus  the  LRR  model  is  restricted 
to  unconflned  flows  or  wall  bounded  flows  where 
universal  wall  functions  are  sufficiently  well 
established. 

To  alleviate  these  shortcomings,  Hanjallc  &  Launder 
(1976)  (hereinafter  called  HL)  proposed  a  version  of 
LRR's  model  valid  for  low  Reynolds  number  regions  as 
well.  This  allowed  for  calculations  up  to  the  wall 
Itself  in  situations  where  wall  functions  were  in¬ 
accurate  or  unavailable.  They  tested  their  model  in 
flows  where  boundary-layer  approximations  were  valid  but 
unfortunately  they  did  not  solve  for  all  the  turbulent, 
scresses.  They  relied  instead  on  Che  fact  that  uv7u?v2 
was  nearly  constant  over  the  wall  region  to  obtain  a 
simplified  closure  in  boundsry  layer  form  involving 
only  k,  uv,  e  and  U  as  unknown  quantities,  where  U  and  u 
denote  the  mean  and  fluctuating  velocity  in  a  direction 
parallel  to  Che  wall,  and  v  the  fluctuating  velocicy 
normal  to  the  wall.  As  expected  Che  HL  model  did  noc 
predict  Che  wall  region  satisfactorily  when  we  tested  it 
in  channel  flows.  For  example  the  friction  coefficient 
Cf  was  over  predicted  by  up  to  502,  the  maximum  value  of 
k  was  under  predicted  bx  AOX^.and  the  anisotropy  of  the 
components  of  k,  l.e.  u2,v2, vivas  poorly  reproduced. 

The  need  to  correct  these  defects  mocivsted  our  search 
for  an  improved  Reynolds  stress  model. 


In  the  present  work  viscous  effects  on  the 
diffusive  transport  of  u  u.  and  £  are  explicitly 
accounted  for,  and  a  new  approximation  of  the  pressure- 
strain  correlation  near  solid  walls  is  proposed.  The 
dissipation  terms  in  Che  transport  equations 
for  u.u,  are  modified  and  some  constants  appearing  in 
the  model  reevaluated.  Also  we  discuss  the  wall 
boundary  condition  for  the  t  equation  since  its  correct 
prescription  is  of  paramount  importance  in  obtaining  an 
accurate  solution. 

Closure  of  the  Transport  Equations 


The  Stress  Transport  Equations.  The  Reynolds- 
stresses  u.u,  in  an  incompressible  turbulent  flow  are 
governed  by  in  exact  equation  derived  using  the  Navier- 
Stokes  equation  (see  Tennekes  A  Lumley,  1972)  written  as 

d(vV/dt  •  -  (^Yk +  vYjY 

i 


+  (p/pKu.  +  u  ,  ) 
1  ,r 
II 


lv(Vj>,k' 


VjUk 


-  (p/p)(Sjku1+  6iku.)l 
III 


,k 


-  2v  u 


i.k  J  ,k 
IV 


(1) 


where  d(u.  u )/dt  represents  the  substantial  derivative 
of  u.u,  ,xp^ denotes  the  instantaneous  fluctuation  of 
pressure  about  the  mean  value,  o  stands  for  the  fluid 
density  and  v  is  the  kinematic  viscosity.  The  comma- 
suffix  notation  indicates  differentiation  with  respect 
to  spatial  coordinates  and  upper  case  letters  denote 
time-mean  quantities.  The  stress  production  term  (I) 
(written  as  Pj.  hereinafter)  can  be  evaluated  exactly 
wlchln  the  frame  of  a  full  second  order  closure  and  so 
does  the  molecular  diffusion  term  (first  term  in  III). 
The  remaining  terms  in  (1)  can  only  be  approximated  as 
functions  of  che  mean  velocities  and  Reynolds  stresses 
in  order  to  achieve  closure. 


Hanjallc  A  Launder  (1972)  evaluated  u^u  ^  (Second 
term  in  III)  by  starting  with  an  exact  transport 
equadon  for  u,u  uk  ,  employing  the  quasi-Gsussian 
assumption  for^tne  dlstirbution  of  the  correlation,  and 
neglecting  boch  the  convection  and  diffusion 
contributions  to  get 


-  ulUjUk  -  =s(k/c)lvt<0jV,i 


*  jjui(ukui),t  +  vVvjY1 


(2) 


Cormack,  Leal  4  Seinfeld  <1978)  proposed  a  complicated 
4-parameter  expression  instead  of  that  given  in  (2) 
(obtained  from  Lualey's  (1973)  rational  closure  scheme) 
buc  recommended  (2)  for  actual  computations.  However  it 
is  the  gradient  of  ^u.  u.  chat  appears  in  ( 1 )  and 
contributes  to  Che  turbulent  diffusion  of  u  u.  .  Now 
the  gradient  of  the  right  side  of  (2)  in  the  re¬ 
direction  can  be  approximated  to  a  first  order  by  the 
gradient  of  che  last  term  on  that  side  and  neglecting 
the  other  two.  This  turbulent  diffusion  is  strongly 
damped  by  fluid  viscosity  near  a  wall  as  Che  scales 
become  progressively  smaller,  and  thus  a  damping 
function  of  che  Van  Driest  type  suggests  itself. 
Therefore  we  use  the  approximation 

’  (VA\k  •  tcs(lt/c)fu  v,  <v?.A  •  <3) 

where 

fu  «  exp  (-3.4  (1  +  Rt/50)'2]  ,  (4) 

and  •  k2/ve  is  the  turbulence  Reynolds  number.  The 
damping  funcclon  f  has  been  employed  by  Launder  4 
Sharma  (1974)  in  conjunction  with  che  k-e  turbulence 
model  and  is  adopted  for  the  present  work  after 
experimentation  with  many  other  such  functions  (see 
Patel,  Rodl  &  Scheuerer  1981)  as  the  most  compatible 
with  the  rest  of  our  model. 


Navier-Scokes  equations  themselves  are  not  invariant 
under  time-dependent  rotations,  second  Hanjallc  4 
Launder  (1972)  have  shown  thac  expressions  involving 
products  of  Reynolds  stresses  can  not  satisfy  all  che 
requirements  of  homogeneous  turbulence.  Therefore  we 
adopt  (8)  as  our  model. 

The  constants  cj  and  C2  ait  evaluated  using  che 
nearly  homogeneous  shear  flow  data  of  Champagne  et  al 
(1970)  where  Ui  varies  linearly  with  x2.  One  merely 
substitutes  (8)  into  (1)  and  neglects  convection  and 
diffusion,  assuming  P  •  c  .  This  yields  algebraic 
expressions  for  the  Reynolds  stresses 

(*  .03) 


(*  -.18) 


(*  -.12)  (10) 


The  experimental  values  shown  between  parentheses  in 
(10),  are  very  closely  matched  by  Cj  »  1.17,  C2  *  .3. 
Rotta  (1951)  showed  chat,  under  certain  conditions  of 
homogeneity,  che  pressure-strain  term  could  be  expressed 

as : 


u  /k-2/3  -  (8  +  I2c2) 


33c 


v  /k  -  2/3  -  (2-30c2) 


1 

0 

33c 


1 

v‘/k  -  2/3  -  (-10  +■  18c2) 
33c! 


The  pressure  diffusion  term  (last  term  in  III)  is 
neglected,  first  following  HL  (1972)  recomsiendations 
based  on  measurements  in  asymmetric  channel  flow  (see 
also  Hinze  1975),  second  because  very  little  is  known 
about  it. 

Term  (IV)  in  (1)  is  modeled  as 

Sy  ■  j  £  +  u± Uj  ( c/k )f g  (1  -  )  ,  (5) 

where  the- summation  convention  does  not  apply  and  fg  is 
given  by  (HL) 

f,  -  <1+  R^IO)*1  .  (6) 

This  form  (5)  Biov^jed better  representation  of  che 
anisotropy  of  u2,  v2,  w2near  the  wall  chan  HL's  original 
proposal 

Elj  ‘  E  [3  ~  fs>  +  fs  upj/k]  .  <7> 

which  promotes  isotropy  in  the  wall  region  by 
splitting  c  among  the  normal  stresses  in  proportion  to 
the  ratios  u^u  /k.  Corrsin  and  Fournier  (1982)  have 
shown  thac  7  can  have  negative  regions  even  chough  c 
must  alweys  be  positive  at  each  point  in  space, 
therefore  neither  (5)  nor  (7)  can  be  regarded  as 
anything  more  chan  first-order  aproximeclona . 

Term  (II)  of  (1)  was  modeled  by  LRR  as 

(p/oXuj^  “  +  Uj  x)  »  -  c^e/kXu'Cij  -  ^kb^) 


(11a) 


where  p  ,  ,  is  a  triple  correlation  of  the  fluctuating 
velocities  while  a“j  is  a  fourth-order  tensor  which 
should  satisfy  some7 kinematic  constraints.  LRU  modeled 
this  tensor  as  a  linear  combination  of  Reynolds  stresses 
in  order  co  derive  (8).  For  an  axlsymmetric  homogeneous 
flow  it  can  be  shown  chat 


a“  »  2/3k,  a”  -  l/3k,  a“  -  k  (lib) 

using  Integral  forms  for  the  components  of  a™1  .  On  the 
other  hand,  LRR's  linear  representation  yieldi 
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Leslie  (1980)  questioned  the  validity  of  (8)  and 
recommended  a  simplified  expression  which  does  not  allow 
for  anisocropy  between  v  and  w  on  grounds  that  (11c) 
is  incompatible  with  (lib)  if  one  uses  C2  *  .4  as 
suggested  by  LRR.  However,  using  the  new  value  (C2".3) 
the  agreement  is  acceptable  becween  (lib)  and  the 
calculated  values  in  (11c). 


*  (!i J_!)  <pij  '  3  PV 
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-(30c2-2)k(Ulij+0j>1)  -  (8c2-2)(Dlj-  fp«lj). 
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where  c,  and  c?  are  constants,  P  «  j  p  and 


Dij  '  -  +  *j\Vi 


(8) 


(9) 


Lumley  (1978)  pointed  out  thac  C|  is  not  strictly  a 
constant.  Chung  4  Adrian  ( 1979)  based  a  turbulence 
model  on  Lumley 's  proposal  but  it  did  not  seem  Co 
perform  better  than  LRR's  model.  Spezlalc  (1980) 
criticized  the  right-hand  side  of  (8)  for  not  being 
invariant  under  a  time-dependent  change  of  frame  while 
Che  left-hand  side  is.  He  proposed  an  expression, 
quadratic  in  u.u,  ,  involving  four  constants  that  have 
yet  to  be  evaluated.  However,  we  feel  chat  his  argument 
is  not  well  supported  for  two  reasons,  first  che  exact 


To  account  for  the  anisotropy  of  the  normal 
stresses  near  a  solid  wall  we  modify  (8)  by  adding  to  it 

a  wall  effect  term  $  ,  defined  as 
4J  Is 

*lj  >w  *  -  °ij>  «*P  (-c4k1/2s/v)  ,  (12) 

where  s  represents  che  distance  from  che  wall.  The 
constant  cj  is  given  in  cerms  of  Cj  and  c2  by 
substituting  the  modified  (8)  into  (2).  For  the  near 
wall  region  in  a  fully  developed  channel  flow  we  can 
assume  P»e  ,  neglect  che  convection  and  diffusion 
contribution,  and  assume  the  exponential  in  (12)  co  be 
equal  to  one  for  small  values  of  s.  There  results  after 
simplification 

u2  2  IU-Bj+Cj)  +  2/3(B1+B3)  -  2/3 


v2  2  -2(B3+c3)  +  2/3(Bj+«3>-2/3 
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w2  2/3(B1+B3)-2/3 
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(14) 


the  experimental  values  la  parencheses  (see  LAR)  in  the 
first  tvo  cases  show  that  the  streamwise  stress 
component  is  larger  and  the  transverse  component  smaller 
than  in  the  free  shear  layer.  The.reader  will  notice 
that  vanishes  implying  that  w^is  not  affected  by 

the  wall's  presence  (13);  this  is  not  strictly  true  (see 
LRR)  but  still  is  a  good  approximation.  From  (13),  (14) 
one  obtains 


c3 


(cj3. ) 
"'ll 


+•  .315c2 


(15) 


The  value  of  the  constant  c4  which  actually  controls  the 
wall  shear  stress  was  adjusted  to  0.003  to  match  the 
data  of  Kreplin  &  Eckelmann  (1979).  The  procedure 
followed  in  the  neighborhood  of  a  corner  is  described 
below. 


Assume  chat  (a)  and  (b)  (Figure  1)  are  located  on 
the  wall  far  away  from  the  corner  in  a  symmetric 
fashion,  thus 

*lj,w  *  c3(Pij  "  “ij5  f(si's2)  '  (16a) 

where 

1  H 

f(s1,s2)  »  exp  (-c4k  Sj/v) 

+  exp  (-c4k1/2s2/v)  .  (16b) 

and 

*11.  w  *  (W  f  (W  • 


^ll,wJs  “  *22, w^ 

*22, w1  ’  *11, w1 
a  D 

(21) 


as  expected.  Equations  (16a)  and  (16b)  will  be  employed 
to  predict  pipe  and  channel  step  flows. 

The  Energy  Dissipation  Rate  Equation.  An  exact 
equation  for  the  transport  of  c  can  be  derived  from  the 
Navier-Stokes  equations,  after  straightforward,  but 
tedious,  manipulations  the  result  may  be  written  as 

dE/dt  ■  •  2v  ui,kui,iVi  '  2  (,A1i.ki)2 
-  (V  +  l  \>,  1  -  UE.k,.k 
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*2v(ut,illk,t+  ui,iut,k)ui,k-  2wVi,rui,ki- 


(22) 


This  equation  can  not  be  modeled  as  closely  as  (1) 
because  it  is  difficult  to  take  each  term  on  Che  right- 
hand  side  separately  and  develop  a  suitable 
approximation  to  replace  it.  Instead  (22)  has  co  be 
modeled  in  a  global  fashion,  valid  for  high  Reynolds 
numbers,  namely 


dc/dt  -  c£  [  Oc/e)  ukut  e  £) 


+  cElPE/k  -  ce2  c2/k  ,  (23) 

and  then  develop  a  low  Reynolds  number  counterpart.  The 
low  Reynolds  number  form  of  the  e  equation  we  employ  is 
essentially  the  one  proposed  by  HL.  We  will  therefore 
state  the  result  directly  and  refer  the  reader  to  HL  for 
the  steps  of  the  derivation.  The  modeled  transport 
equation  for  c  is 


*22 ,w  '  2  C3UV  <U,y-V,x)  f  <sl*2)  ' 

*12  w  "  c3  U  y  +  (v2-“2)  v  X1  f^sl®2^  * 

Therefore  (17)  reduces  to: 
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*11 ,W  \  ^  C3(UVOiy). 
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at  point  a,  and  to: 


*ll,wJb  '  2  c3(uv  Vb 
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at  point  b. 


From  symmetry  co- ^derations  we  mist  have: 

111  2  - 

u  a  *  v  b'  V  a  "  u  b'  uva  ’  ""b  ’ 


(0  „),  -  -(V  )  .  (20) 

,y  a  ,x  b 

And  by  substituting  (20)  in  either  (18)  or  (19)  we  get 


E  -  E  -  2v(k1/2)2  ,  (25) 

and 

fe  -  1  -  o  exp  (-R2/36)  .  (26) 

Equation  (24)  differs  from  Che  final  proposal  of  HL  in 
chat  we  have  retained  the  viscous  diffusion  term  and 
introduced  the  function  f  ,  Also  the  constants 
c  ,  c  ,  a  were  re-eval&aced.  First  c  .  is  set  equal 
to  1.9  in  order  to  match  the  data  of  WarnSft  &  Lumley 
(1978)  for  homogeneous  decaying  grid  turbulence.  Then 
we  consider  Che  fact  that  in  the  final  period  of  decay 
(i.e.  R  *  o)  one  muse  have  (c  A  -1)  •  0.4  (see  HL) 
whence  a  •  1-1.4/c  -  »  .263.  Finally  c  .  was  set  equal 
to  1.45  in  order  co^be  consistent  with  tne  value 
of  c£  of  .15  determined  by  LRK. 

BOUNDARY  CONDITIONS 

Boundary  conditions  must  be  specified  for 
U,V,  u^u  and  c  along  Che  boundaries  of  Che  solution 
domain  as  che  equations  governing  these  quantities  are 
elliptic.  In  all  che  flows  considered,  the  following 
boundary  conditions  were  used  for  U,V,  u^u  and  c.  The 
values  of  the  dependent  variables  are  specified  at  the 
inlet  co  the  flow  domain  whereas  their  gradients  vanish 
at  che_exit  plane.  At  che  axis  of  symmetry, 

V  •  uv  >o,  while  che  gradients  of  the  remaining 
variables  are  sec  to  zero.  All  variables  are  sec  to 
zero  at  a  solid  wall,  except 


W  -  WU'¥  (27) 

To  specify  i  it  a  solid  wall  in  the  manner  indicated 
above  is,  of  course,  encirely  equivalent  to  setting 
£  «  o  (see  £q.  (25)).  In  fact  many  workers  (Jones, 
Launder  1972,  Hassid-Poreh  1978,  Chien  1982)  have 
developed  low  Reynolds  number  turbulence  models  solving 
transport  equations  for  k  and  £  with  k  *  e  ■  o  «  che 
wall.  Computational  advantages  were  always  seated  as 
the  reason  for  employing  e  instead  of  t  even  though  the 
definition j}f  c  varied  among  authors.  We  attempted  to 
solve  for  c  rather  than  e  but  the  resulting  wall  shear 
stress  was  too  high  and  the  u.u,  peaked  closer  to  the 
wall  than  observed  and  che  profile  of  e  was  unrealistic 
In  che  buffer  and  laminar  layers.  Therefore  we  use  Eqn 
(27). as  our  boundary  condition  for  e  where  the  gradient 
k1'  is  evaluated  from  a  quadratic  interpolation 
polynomial 

NUMERICAL  SOLUTION  PROCEDURE 

The  elliptic  transport  equations  of  U,,  u^u,  and  t 
are  solved  by  a  finite  difference  procedure  based  on  che 
SIMPLER  algorithm  of  Patankar  (1981).  Two  discretiza¬ 
tion  schemes  were  employed,  the  hybrid  scheme  of 
Spalding  (1972)  and  QUICK  of  Leonard  (1979).  The 
sensiclvity  of  the  solucion  to  the  choice  of  the  scheme 
will  be  discussed  in  the  following  section. 

RESULTS  AND  DISCUSSION 

Non-Recirculating  Flows 

The  results  presented  in  this  section  are  for  fully 
developed  flow  conditions  in  plane  (channel)  or  axial 
(pipe)  configurations.  No  mention  will  be  made  of  the 
discretization  scheme  used  to  obtain  them  since  che 
fully-developed  profiles  of  U.,  c  and  u.u,  are 
insensitive  (within  *  12)  to  a  change  of  discretization 
scheme.  However  che  choice  of  the  discreclzacion  scheme 
does  affect  the  predictions  in  the  developing  region. 

The  major  differences  arise  from  che  choice  of  either 
che  QUICK  or  hybrid  scheme  for  Uj_  equations.  The 
differences  will  be  slight  when  one  switches  from  one 
scheme  to  another  for  the  turbulent  quantities  alone. 

The  flow  Reynolds  numbers  (based  on  duct  width  or 
diameter  and  section-averaged  velocity)  varied  from 
7.xl03  to  1.2x10  .  Non-uniform  grids  were  employed  for 
the  calculations  using  from  25  to  33  cross-scream  nodes 
and  12  in  the  axial  direction.  The  grid  Independence  of 
che  predictions  was  thoroughly  tested  by  using  23,33,40, 
and  50  cross-stream  nodes  for  channel  flow  at  Re  ■ 

4.xl0  .  The  coarsest  grid  solution  was  everywhere 
within  3-42  of  the  next  one  and  che  discrepancy  becomes 
insignificant  afterwards.  Typical  runs  required  about 
100  CPU  seconds  for  execution  on  a  CDC  7600  computer  to 
yield  a  converged  solution  using  hybrid  scheme  for  all 
variables.  When  QUICK  was  used  for  all  variables,  the 
execution  cook  102  more  time  per  iteration  although  the 
number  of  iterations  required  remained  the  same.  Pipe 
and  channel  flows  were  used  to  test  the  functions  f  and 
fg  mentioned  earlier  (eqs.  (4),  (6))  against  other 
possible  forms.  The  performance  of  each  function  was 
judged  on  the  basis  of  how  well  the  calculations  could 
predict  the  wall  shear  stress,  the  peak  value  of 
each  u.u,  and  its  location  as  well  as  the  linearity  of 
the  mein-1  velocity  profile  in  the  laminar  sublayer. 

Figure  2  shows  the  skin  friction  coefficient  for 
pipe  flow  over  a  medium  range  of  Reynolds  numbers.  The 
agreement  with  the  data  of  Lawn  (see  Ha-Minh,  1976)  is 
very  good. 

Figure  3  shows  the  normalized  mean  velocity  D* 
versus  Y*  for  a  pipe  flow  at  Re  •  10  .  The  transition 
from  che  laminar  sublayer  (linear)  velocity  profile  Co 
che  logarithmic  profile  is  smooth,  with  a  Von  Kerman's 
constant  of  about  .4. 

Figure  4  shows  che  normal  stresses  for  channel  flow 
at  Ra  •  21800.  The  agreement  with  che  data  of  Laufer 


v2  and  w2  are 


(1951)  la  very  good  for  u-  whereas 
overpredicted  near  che  wall. 

Recirculating  Flows 


Two  flows  were  predicted:  first  a  sudden  expansion 
(1:15)  in  a  channel  for  Re  *  40300,  second  a  sudden 
expansion  (.375:1)  in  a  pipe  for  Re  -  72000  (based  on 
the  small  sectional  average  velocity  and  diameter).  For 
both  flows,  the  various  profiles  upstream  of  the  step 
were  allowed  to  feel  the  effects  of  the  adverse  pressure 
gradient  by  using  a  short  inlet  section  with  fully 
developed  profiles  at  its  entrance.  Strictly  speaking, 
this  inlet  section  should  be  a  few  duct  diameters  long 
but  we  kept  it  only  to  a  small  fraction  of  the  diameter 
for  economical  reasons.  However,  our  experience  and 
others  (Ha-Minh  1976)  show  that  che  Influence  of  che 
inlet  boundary  conditions  fades  rapidly  beyond  one  duct 
diameter  downstream  of  che  step  due  to  the  Intense 
mixing  that  cakes  place  in  the  recirculation  region. 

Figure  5  shows  the  predicted  mean  velocity  profiles 
for  che  channel  step.  The  hybrid  scheme  was  used  for 
all  the  variables  with  a  33  x  1(3  non-uniform  grid  using 
15  nodes  across  the  short  inlet  section.  The  computing 
time  was  about  10  minutes.  The  agreement  with  the  data 
of  Smyth  (1979)  is  satisfactory  except  near  the  wall. 

Figure  6  shows  the  predicted  normal  stresses  u  3  , 
v2  ,  w^  at  two  locations  downstream  of  the  step.  There 
is  good  agreement  with  the  data  everywhere  except  near 
the  axis  of  symmetry.  However  the  data  of  Smyth  appear 
to  be  consistently  too  high  near  the  axis,  even  far 
downstream  in  the  fully-developed  region  (see  Laufer' s 
data).  Calculations  were  repeated  with  a  40  x  50  grid 
which  resulted  in  an  extremely  slow  convergence  and  the 
final  results  were  within  32  of  those  of  the  33  x  33 
grid. 

Figure  7  shows  the  predicted  mean  velocity  profiles 
for  pipe  step  flow  using  both  QUICK  and  hybrid  schemes 
for  the  momentum  equations  and  the  hybrid  for  the  ocher 
equations  with  a  34  x  37  non-uniform  grid.  The  ability 
of  the  QUICK  scheme  to  reduce  false  diffusion  effects  is 
obvious  when  the  predictions  are  compared  with  the 

experimental  data  of  Ha-Minh  (1976). The  last  cwo 

figures  (8,9)  compare  the  predicted  uv  and  u2  profiles 
with  the  data  of  Ha-Minh.  While  uv  is  well  predicted, 
u2  is  underpredicted  by  about  142  near  the  centerline. 

CONCLUDING  REMARKS 

Some  promising  results  have  been  obtained  in  wall- 
bounded  non-recirculating  and  recirculating  flows  with  a 
full  Reynolds  stresses  closure.  Computer  time  and 
storage  requirements  are  within  practical  limits. 

In  recirculating  flows,  the  accuracy  of  the 
predictions  strongly  depend  on  che  ability  of  the 
finite-differencing  scheme  used  for  the  momentum 
equations  in  reducing  numerical  diffusion  errors. 
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Measurements  of  Reynolds  shear  stress  profiles  on 
rough  and  smooth  walls  have  been  carried  out  and  the 
deduced  wall  shear  stresses  are  compared  with 
"mean-velocity-profile  similarity  law"  techniques. 
Agreement  was  obtained  for  smooth  walls  but  considerable 
discrepancy  occurred  on  rough  walls.  It  appears  that  the 
problem  is  caused  by  excessive  changes  in  the 
instantaneous  velocity  vector  angle  relative  to  the  hot¬ 
wires  in  a  flow  over  a  rough  wall  and  this  situation  is 
predicted  by  a  "hairpin  vortex"  model  for  wail 
turbulence.  The  problem  was  cured  by  increasing  the 
included  angle  of  the  X-wires  and  also  by  "flying"  the 
probe  through  the  flow. 

Introduction 

One  of  the  major  difficulties  concerning  research 
on  rough  wall  boundary  layers  is  the  problem  of 
determining  the  skin  friction  coefficient.  Unlike 
smooth  walls  there  is  no  firmly  established  wall 
similarity  law  and  so  there  are  no  methods  equivalent  to 
the  Clauser  chart  or  Preston  tube  techniques  Further 
difficulties  arise  since  we  do  not  know  the  "effective 
origin"  of  the  mean  velocity  profile,  i.e-  the  apparent 
position  of  relative  to  the  roughness  elements, 
where  z  is  the  distance  normal  to  the  surface.  The 
surface  skin  friction  coefficient  can  in  principle  be 
determined  in  a  number  of  ways,  all  of  which  are  either 
highly  inaccurate  or  are  difficult  to  carry  out 
successfully.  One  method  is  the  use  of  the  von  KlrmAn 
momentum  integral  equation  which  is  known  to  be  highly 
sensitive  to  any  three  dimensionality  of  the  flow  and 
also  has  the  undesirable  feature  of  requiring  streamwise 
derivatives  of  various  mean  flow  quantities. 
Determination  of  derivatives  of  experimental  data  is  a 
highly  inaccurate  process  Perry,  Schofield  &  Joubert 
(1969)  determined  the  skm  friction  of  two-dimensional 
strip  roughness  by  measuring  the  form  drag  of  pressure 
tapped  roughness  elements.  Another  method  which  presents 
itself  is  the  use  of  the  Hama  (19541  velocity  defect  law 
which  has  yet  to  be  verified  by  an  independent  method. 
This  technique  (outlined  later)  is  a  variation  of  the 
"wake  alignment”  method  of  Perry  and  Jcubert  (1963).  Yet 
another  method  is  to  measure  the  Reynolds  shear  stress 
distribution  using  hot-wire  anemometry .  This  latter 
method  is  the  main  subject  of  this  paper  and  its  use  has 
presented  many  unforseen  difficulties.  Hulhearn  (1977) 
attempted  to  use  this  method  for  flow  over  a  bed  of 
rocks  and  discovered  that  the  indicated  Reynolds  shear 
stress  fell  off  as  the  wall  was  approached.  Such 
behaviour  cannot  be  explained  by  viscous  stresses  since 
the  mean  strain  rate  is  too  small.  Such  a  fall  off  was 
anticipated  by  Perry,  Schofield  &  Joubert  (1969).  Their 
explanation  was  that  above  a  periodic  array  of  two 
dimensional  roughness  elements  there  must  exist  a  zone 
close  to  the  elements  where  the  temporal  mean  velocity 
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Figure  1.  Geometry  of  the  wavy  wall  and 

definition  of  various  flow  quantities. 

field  has  a  periodic  variation  with  streamwise  distance. 
Figure  1  defines  the  various  relevant  quantities. 

The  instantaneous  velocities  for  a  given  z  are 


U  (x ,  t )  *  <U>  «■  uTx)  *  u'(x,t> 


(  )dx  and  <  )*  -  :  idt 

T 


and  by  definition 


-  utx)  dx 


-  u1  (x,t>dt 
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Similarly 


W(x,t)  *  <W>  +  w(x)  +  w'  (x,t) 

and  <w>  is  assumed  to  be  zero  close  to  the  wall. 

If  the  effective  wall  shear  stress,  r  ,  has  negligible 
streamwise  gradient,  and  if  the  pressure  gradient  is 
sufficiently  small,  then 


t  *  -o<u'(t,*lw'|t,x)>  -  s<u(x)w(x)>  ,21 


For  the  rough  surfaces  tested  here,  it  has  been  found 
that  u' (t,x)w' (t,x>  was  invariant  with  x  for  the 
smallest  z/h  values  attainable  with  the  X-wire  probe. 
Therefore, 


*  ou' (tl  w' (t)  -  p<u(x)w(x)> 


The  first  term  is  the  Reynolds  shear  stress  as 
determined  by  a  stationary  X-wire  probe  and  the  second 
term  represents  the  contribution  to  the  momentum 
transport  by  the  "standing  wave"  above  the  elements. 
This  could  explain  why  the  first  term  in  equation  (31 
drops  off  as  we  approach  the  boundary  since  it  is 
expected  that  the  second  term  would  increase . 


The  Wavy  veil 

Figure  2  shows  a  typical  Reynolds  shear  stress 
profile  above  a  wavy  wall  in  a  zero  pressure  gradient. 
The  boundary  layer  thickness  was  150mm,  the  height  of 
the  waves  was  17mm  and  the  wavelength  was  T^mm.  The 
fall  off  of  Reynolds  shear  stress  is  obvious. 


Plots  of  u(x)  and  w<x)  above  a  wavy  wall 
using  a  "flying”  hot-wire. 


Mesh  Rougi.neas  and  Smooth  Hall  Measurements 

It  was  decided  to  measure  the  Reynolds  stress  above 
a  three-dimensional  mesh  type  roughness  in  a  zero 
pressure  gradient.  The  size  and  geometry  of  this 
roughness  is  shown  in  figure  4(a)  and  a  typical  Doundary 
layer  thickness  was  90mm.  Figure  4(b)  shows  a  typical 
Reynolds  shear  stress  profile  The  wall  shear  stress 
determined  using  the  Hama  velocity  defect  law  is  also 
shown.  For  this  case  it  agrees  with  the  von  Karman 
momentum  integral  shear  stress  prediction.  For  many 
other  cases  not  covered  here  this  agreement  was  poor 
(about  t  20%) . 

In  the  Hama  velocity  defect  method  of  determining 
the  local  skin  friction  coefficient  C'f  ,  the  effect,  ve 
origin  of  the  wall  z*0,  and  the  skin  friction 
coefficient  are  systematically  adjusted  such  that 
the  mean  velocity  profile  is  forced  to  collapse  onto  the 
law  given  by 


,  where  is  the  free  scream  velocity. 
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Figure  2.  Typical  Reynolds  shear  stress  profile 
above  a  wavy  wall  in  »  zero  pressure 
gradient. 

Figure  3  shows  some  typical  plots  of  u(x'  and  wTx*) 
which  were  measured  using  a  "flying"  X-hot  wire  probe 
mounted  on  an  air  bearing  sled  The  air  Deanng  sled  is 
described  in  Perry  »  watmuff  1981)  and  Watmuff,  Perry  & 
Chong  (1983) .  The  Reynolds  stress  profile  was  taken  with 
a  stationary  x-wire  probe  It  can  be  seen  that  uix)  and 
~  attenuate  as  we  move  away  from  the  wall  and  that 
they  are  approximately  90  degrees  out  of  phase.  This 
means  that  the  spatial  average  would  be  negligible  and 
calculations  confirmed  this  Hence  the  fall  off  in 
Reynolds  shear  stress  must  be  explained  in  some  other  way. 


.15  <  n  <  1.0, 


where  n  •  z/fi 


CfZ 

CJ  cf 


where  6  is  the  boundary  layer  displacement  thickness 
and  U  is  the  wall  shear  velocity. 

^rom  figure  4  it  can  be  seen  that  large 
discrepancies  exist  between  the  values  of  wall  shear 
stress  predicted  by  the  Reynolds  shear  stress  profile 
and  that  predicted  by  the  Hama  velocity  defect  law.  It 
was  therefore  decided  to  check  the  X -wires,  anemometers 
and  calibration  techniques  by  measuring  flow  over  a 
smooth  wall  immediately  after  the  rough  wall 
measurements  The  Clauser  chart  method  can  be  used  to 
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vector  approaching  the  wires  undergoes  during 
measurements  This  shoud  De  kept  below  g,  the  included 
angle  of  the  wires  see  figure  5).  Large  velocity 
components  v‘  normal  to  the  plane  of  the  X-wires  will 
also  cause  errors-  If  e  exceeds  &,  any  measurements 
tc.xen  will  be  ambigious  and  completely  erroneous. 


^  Momentum  Integral 
<4  value 

q\  (Hama  velocity 
d  defect  law  value) 


o° 

_i _ i 

02  03 


(ms'1)2 


Figure  4. 


(a)  Size  and  geometry  of  mesh  roughness. 

(b)  Typical  Reynolds  shear  stress  profile 
above  a  three-dimensional  mesh 

type  roughness. 


obtain  the  wall  shear  stress  for  the  smooth  wall.  This 
can  be  compared  with  the  shear  stress  obtained  by 
extrapolation  of  the  Reynolds  shear  stress  to  the  wall, 
(Clauser,  1954) .  Excellent  agreement  was  obtained.  The 
smooth  wall  plate  which  covered  the  mesh  roughness  was 
then  quickly  removed  and  measurement  of  the  rough  wall 
Revnolds  stress  profile  was  repeated  using  the  same 
wires,  anemometers  and  hot-wire  calibration.  The  same 
incorrect  profile,  as  was  obtained  in  the  previous  runs, 
was  obtained  to  high  accuracy. 

It  was  then  thought  that  the  spatial  resolution  of 
the  X-wires  was  not  fine  enough  and  that  this  limitation 
could  be  a  cause  of  the  discrepancy.  This,  however, 
would  imply  that  the  eddy  structures  above  a  rough 
surface  are  finer  than  those  above  a  smooth  surface. 

This  is  unlikely.  As  a  check,  the  profiles  were 
repeated  using  shorter  wire  filaments  which  were  spaced 
closer  together  but  the  resulting  profiles  were  close  to 
the  previous  ones,  indicating  that  spatial  resolution 
was  not  the  cause  of  the  discrepancy. 

Effect  of  Velocity  Vector  Wedge  Angles 

Errors  in  the  measurement  of  Reynolds  shear  stress 
may  be  caused  by  an  excessive  ’’wedge  angle”  0.  This  is 
the  included  angle  which  the  instantaneous  velocity 


Figure  S.  Hot  wire  filaments  showing  included 
wire  angle  and  velocity  wedge  angle. 

One  of  the  major  differences  between  flow  over  a 
rough  surface  and  flow  ever  a  smooth  surface  is  that  for 
a  giver.  )/v  (where  6  is  a  length  scale  defined 

in  equation  (4)  and  v  is  tne  kinematic  viscosity  of  the 
fluid)  the  local  mean  velocity  at  a  given  z/6H  is  mi  ch 
lower  on  a  rough  surface. 


where  aU/Ut  is  the  Hama  (1954)  roughness  function  "he 
suffix  R  signifies  a  rough  surface  anc  the  suffix  » 
signifies  a  smooth  surface.  Furthermore,  if  we  assu*?.o 
that  the  eddies  above  a  rough  surface  are  similar  to 
those  above  a  smooth  surface,  i.e.  they  follow  the  same 
scaling  laws  as  postulated  by  Ferry  s>  Chong  (1982)  , 
then,  if  we  are  at  a  distance  z  above  the  boundary, 
eddies  cf  scale  z  contribute  mainly  to  the  Reynolds 
stress  at  z  (the  attached  eddy  hypothesis  of  Townsend, 
1976) .  If  we  assume  that  their  characteristic  velocity 
scales  with  UT ,  then  one  can  compute  some  likely 
velocity  signatures  for  the  velocity  components  that  a 
X-wire  probe  might  experience  close  to  a  boundary.  This 
was  done  by  applying  the  Biot-Savart  law  to  the  hairpin 
or  A-vortex  model  of  Perry  &  Chong  in  a  manner  similar 
to  that  described  in  another  paper  presented  at  this 
conference  (see  Perry  et.  al) .  The  vortex  shape  was  the 
same  and  parameters  were  adjusted  to  give  (u'w*)/UT  * 
0(1) .  Computations  were  then  carried  out  for  different 
values  of  aU/U_  and  the  signatures  were  fed  into  a 
computer  program  which  simulated  our  hot  wire  anemometry 
system  and  calibration  scheme.  In  spite  of  the  fact 
that  our  calibration  scheme  takes  into  account  wire 
response  non-linearities ,  (this  method  is  explained  m 
detail  in  Perry  (1982)  pp.  122-127)  significant  errors 
oocured  in  the  inferred  velocities  under  certain  flow 
conditions.  The  X-wire  filaments  were  modelled  using  the 
Champagne  et  al .  (19671  cosine  cooling  law.  Figure  6 

shows  the  results  of  the  inferred  Reynolds  stresses  for 
different  values  of  U/V,  These  computations  are 
equally  valid  for  smooth  walls.  Several  simplifying 
assumptions  were  incorporated  in  the  analysis,  the  mam 
one  being  that  wo  are  only  considering  one  hierarchy  of 
eddy  scales.  Hence,  figure  6  is  meant  only  to  show 
trends.  If  more  hierarchies  were  included,  the  errors 
would  be  larger.  Errors  in  the  inferred  Reynolds  stress 
occured  only  when  the  anile  of  the  velocity  vectors 
approaching  the  X-wires  were  large.  Under  these 


conditions  ths  sffsct  of  v'  was  also  important.  Figure  6 
also  show  ths  results  witn  and  without  v’  present  and  it 
can  be  seen  that  its  effect  is  large.  Also  shown  in  the 
figure  are  the  differences  in  inferred  Reynolds  stress 
when  the  hot-wire  included  angle  is  altered  from  90 
degrees  to  120  degrees.  A  significant  improvement  can  be 
seen. 


further  and  to  reduce  the  effect  of  the  v’  fluctuations, 
it  was  decided  to  "fly"  the  x-wire  probe  through  the 
flow  so  as  to  increase  the  bias  velocity  relative  to  the 
probe . 


Figure  6 .  Computed  errors  in  the  measurement  of 
Reynolds  shear  stress  due  to  "wedge 
angle"  effect  and  the  effect  of  v'  . 

Experimental  results  also  show  that  the  X-wires 
with  the  larger  included  angle  a  gave  significantly 
smaller  error.  It  would  therefore  appear  necessary  to 
keep  the  velocity  vector  wedge  angles  somewhat  lower 
than  the  hot-wire  included  angle  and  also  somehow  reduce 
the  effect  of  v'  if  a  correct  Reynolds  shear  stress  is 
to  be  measured. 

Further  computations  agreed  very  well  with  simple 
tests  that  were  carried  out  by  shaking  a  calibrated  set 
of  X-wires  with  a  dynamic  calibrator  in  the  free  stream. 
This  imposed  accurately  known  Reynolds  stresses  on  the 
hot-wires.  The  wedge  angles  of  the  velocity  vectors 
could  also  be  calculated  accurately  and  the  wedge  angle 
at  which  the  measurment  of  Reynolds  stress  started  to 
break  down  could  be  observed.  This  is  shown  in  figure  7. 

u '  w '  (measured )_ 


Figure  7 .  Breakdown  of  Reynolds  shear  stress 
measurements  due  to  excessive 
"wedge  angle" . 


Figure  9  shows  the  various  measured  Reynolds  shear 
stress  profiles  above  the  mesh  roughness  close  to  the 
wall  where  U/U_  »  4  .  It  can  be  seen  that  the  indicated 
Reynolds  stresi  increased  by  increasing  the  included 
hot-wire  angle  from  90  degrees  to  120  degrees.  To 
reduce  the  wedge  angle  of  the  velocity  vectors  even 


(ms-V 

Figure  8.  Reynolds  shear  stress  profiles  measured 
above  a  mesh  type  rough  roughness  using 
90  degree  and  120  degree  wires. 
Mearurement  were  taken  with  the 
hot-wire  probe  stationary  and  "flying". 


Figure  9.  Histograms  of  wedge  angles  of  velocity 
vectors  inferred  from  X-wires. 


The  flying  hot-wire  air  bearing  sled  system  mentioned 
earlier  was  used  and  this  imposed  an  additional  U/U^  of 
2.5.  Figure  8  also  shows  how  the  inferred  Reynolds 
stresses  increase  for  both  the  90  degree  and  120  degree 
X-wires.  Data  was  sampled  in  bursts  over  a  length  of 
100mm  of  streamwise  distance  and  three  hundred  sled 
passes  were  required  for  adequate  convergence  of  the 
Reynolds  stress  data  at  each  level.  Figure  9  shows 
histograms  of  the  wedge  angles  of  the  velocity  vectors 
as  inferred  by  the  X-wires  for  each  of  the  four  cases 
described.  The  highest  Reynolds  stress  approaches  the 
Hama  velocity  defect  law  prediction  and  the  profile  has 
the  expected  shape  for  a  zero  pressure  gradient  boundary 
layer.  The  120  degree  X-wire  seems  to  be  insensitive  to 
bias  velocity  and  so  the  authors  contend  that  the 
stationary  120  degree  X-wires  were  giving  approximately 
correct  value. 

In  the  flying  hot-wire  experiments,  the 
contribution  from  the  "standing  waves"  was  computed  for 
the  mesh  roughness.  Its  contribution  was  found  to  be 
negligible. 

Conclusion 

Excessive  changes  m  the  angle  of  the  instantaneous 
velocity  vector  relative  to  the  X-wire  probes  causes 
significant  errors  in  inferred  Reynolds  shear  stresses 
on  a  rough  wall.  The  validity  of  the  Hama  velocity 
defect  law  for  zero  pressure  gradient  layers  on  rough 
surfaces  is  still  in  some  doubt  and  needs  further  work. 
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FURTHER  SPECTRAL  ANALYSIS  OF  SMOOTH-WALLED  PIPE  FLOW 
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Abstract 

Using  che  attached  eddy  hypothesis  of  Townsend 
<1976)  and  the  model  of  wall  turbulence  proposed  by 
Perry  &  Chong  11982)  che  spectra  of  strcantwise  velocity 
fluctuations  and  normal  velocity  fluctuations  were 
derived  These  were  compared  with  measured  experimental 
data.  The  agreement  becween  the  experimental  data  and 
che  deduced  scaling  laws  is  encouraging 

Introduction 

Perry  &  Chong  (1982)  proposed  a  model  for  wall 
turbulence  which  was  based  on  Townsend's  (1976)  attached 
eddy  hypothesis  Using  the  observations  of  Head  and 
Bandyopadhyay  (.1981)  as  a  guide,  wall  turbulence  was 
modelled  as  a  "forest"  of  hair-pin  or  "a"  shaped 
vortices  attached  co  the  boundary  The  vortex  filaments 
originate  from  viscous  sublayer  material. 

It  was  proposed  that  a  range  of  scales  of 
geometrically  similar  "forescs"  exist  and  chat  each 
"forest"  or  hierarchy  has  the  same  characteristic 
velocity  scale  (.which  is  the  wall  shear  velocity  U  ). 

The  length  scales  of  che  hierarchies  range  from  chi 
scale  of  the  smallest  eddies  at  the  wall  which  have  the 
Kline  (1967)  scaling  6  to  the  largest  scale  which  is 
taken  to  be  the  pipe  radius  or  the  boundary  layer 
thickness  a  Two  different  probability  density 
functions  (p  d  f  's)  of  hierarchy  scales  wers  tested. 

One  was  a  discrete  distribution  with  che  scales  going  in 
a  geometric  progression  and  the  other  was  a  continuous 
distribution  and  was  of  inverse  power  law  form  as 
assumed  by  Townsend  (1976)  Ic  was  found  that  both 
distributions  give  much  the  same  result  How  the 
hierarchies  arc  formed  is  not  understood  Nevertheless, 
such  a  model  gives  the  correct  mean  flow  velocity 
distribution  Also  using  the  velocicy  signatures 
generated  by  such  an  ensemble  of  vortex  filaments  with 
the  aid  of  the  Blot-Sevarc  law,  ic  appears  that  the 
correct  spectral  distribution  for  the  screamwise 
velocicy  fluctuations  u  is  obcalned  The  power  speccral 
density  for  u  is  characterized  by  a  flac  region  at  low 
wavenumbers  vnich  asymptotes  into  a  -1  power  law  which 
then  asymptotes  into  an  exponent  la l-l ike  curve  at  high 
wavenumbers  Perry  4  Chong's  (1982)  analysis  was  rather 
crude  and  che  velocicy  fluctuations  u.  normal  to  the 
wall  were  not  considered  This  paper  Sucllnes  a  more 
refined  approach  to  the  problem  and  presents  some  new 
daca  This  new  work  adds  considerable  weight  co  the 
validity  of  che  theory  presented  by  Perry  4  Chong 

Speecra  and  Eddy  Intensity  Functions 

The  analysis  of  Perry  4  Chong  (1982)  was  rather 
crude  The  velocity  signatures  from  an  Isolated  vortex 
"rod"  with  solid  body  rotation  surrounded  by 
lrrocatlonal  fluid  were  used  co  obtain  an  ensemble 


averaged  power  speccral  density  for  u  for  a  given 
hierarchy.  These  densities  were  then  summed  up  for 
varying  numbers  of  hierarchies  The  resulting  spectra 
appeared  to  have  che  correct  functional  forms  when 
compared  wich  che  experimental  results  of  Perry  4  Abell 
(1975,1977)  for  flow  in  a  smooth-waLled  pipe 

More  refined  models  are  currently  being  considered 
by  the  authors  Unfortunately  these  are  analytically 
intractable  and  so  numerical  methods  have  to  be  used 
Figure  1  shows  an  isolated  A-vortex  at  a  boundary  with 
its  image  vortex  This  will  be  taken  to  be  a 
"representative  eddy"  for  a  given  hierarchy 


FIGURE  1.  A  "representative  eddy"  with 
screamwise  "cuts". 


The  proportions  of  the  eddy  are  shown  togecher  with 
the  screamwise  "cuts"  along  which  u  .  u,  and  u,  velocity 
signatures  are  generated  using  che  3iot:Savarf'  law  A 
Gaussian  distribution  of  vorcicity  is  assumed  for  the 
vorrex  "rods"which  is 

(1  v  exp[-(  r/ r0)^  '2  j  (1) 

where  fl  is  the  modulus  of  che  vorticicv  ac  radius  r  and 
r.  is  a  length  scale  of  che  vorcicity  distribution 
(Throughout  this  paper  a  means  'proportional  to'  or 
'scales  with)  The  square  of  che  modulus  of  the  Fourier 
transforms  of  the  che  u, ,  u,  and  u,  signatures  of  this 
isolaced  A-vortex  is  dece-mined  and  ensemble  averaged 
over  each  value  of  z,  *;-e  we  obtain  F..(k  i.z.S)  where 
k  is  the  screamwise  wavenumber  and  6  is  the  height  of 
che  eddy  representative  of  the  hierarchy  under 
consideration.  Given  char  in  each  hierarchy  the  average 
longitudinal  and  lateral  spacings  each  scale  with  5. 


chen  che  power  speccral  density  *  (k  z)  for  che  u. 

u  11  1  1 

signatures  is  given  bv 


*  .(k  z)  ^  F..(k  z,z/6)  p  (6)d6 

li  1  li  1 


where  ♦  .  .(k  z)  is  che  energy  per  unit  non  dimensional 
wavenumber  k^2.  6^  is  che  scale  of  the  smallest  eddies 
(i  e  the  Kline  scaling  given  earlier)  and  p^( 6)  is  che 
pdf  of  hierarchy  scales-  is  che  length  scale  of  che 
largest  hierarchy  and  chisshould  scale  with  che  shear 
layer  thickness  or  pipe  radius  Assuming  a  continuous 
distribution  of  hierarchy  scales  chen 


region  of 
overlap 


'inner  flow"  similarity 


"outer  flow”  similarity 


as  used  by  Townsend.  Also  it  can  be  shown  that 


FIGURE  3.  Speccral  similarity  regions  for 
u^  fluctuations. 


F.  .(k^i/OcKk,*) 
li  1  1 


I.  .(z/6) 

li 


where  ♦..iz/6)  is  che  Townsend  eddy  intensity  function 
(Townsenb1^?^ .  pp  153-155)  The  authors  have  not  yet 
included  che  effect  of  vortex  screeching  mentioned  by 
Perry  &  Chong  11982)  but  che  results  so  far  indicate 
chac  the  spectra  for  u  fluctuations  are  much  the  same 
as  given  by  che  crude  analysis  of  Pe’-ry  &  Chong  Also 
che  spectra  for  the  u  and  u_  fluctuations  are  much  the 
same  in  functional  form  as  tne  u  fluctuations  if  we 
consider  only  one  hierarchy  Figure  2  shows  sketches  of 
the  eddy  intensity  functions 


FIGURE  2.  Eddy  intensity  functions. 


The  "inner  flow”  similarity  law  is  given  by 


♦u(klz) 


=  8ll(klz>  :  kl  ± 


where  is  universal  for  a  smooth  wall  provided 
6^  <<  z  <■<  and  B  is  a  constant  for  a  given  large 
scale  flow  geometry. 

Perry  and  Abell  (1977)  referred  to  che  motions 
given  by  equation  (6)  as  the  "universal  wall  motions" 
As  can  be  seen  from  figure  3,  there  exists  a  region  of 
overlap  between  equations  (5)  and  (6)  It  can  be  shown 
by  dimensional  arguments  that  in  this  region  the 
equations  are  of  the  form 


VkiV 


11  1 


which  corresponds  to  the  inverse  power  law  region  of  the 
spectrum  for  u  fluctuations  mentioned  earlier  This 
inverse  power  Law  distribution  is  a  consequence  of 
having  a  sufficiently  large  range  of  hierarchy  scales 
A  similar  behaviour  can  be  shown  for  the  spectra 
for  fluctuations  by  virtue  of  the  fact  that  I, 1  and 
L--  at*  of  iimiLar  shape  However,  for  the  spectra  of 
tne  u^  f luccua- ions ,  only  one  region  of  similarity 
exists,  i  e 


It  should  be  noted  that  T  and  I  are  similar  in 
shape  but  I.,  has  a  different  snape  as  a  consequence  of 
the  boundary  conditions  at  the  wall  Thus  we  would 
expect  that  spectra  for  u^  fluctuations  to  differ 
considerably  from  the  u  and  u.  spectra 

From  work  carried  with  simple  discrete  pdf's  (as 
used  by  Perry  4  Chong)  the  authors  expect  that  equations 
(2).  (3)  and  (4)  and  figure  2  will  lead  to  the  various 
spectral  similarity  regions  for  u^  fluctuations  as  shown 
in  figure  3 

The  ’*outer  flow"  similarity  law  is  given  by 


*ll(klV 


■u(kiV  :  ki^7 


where  ♦  (k  4,)is  che  energy  per  unit  non-dimensional 
wavenumber  t  a  For  a  given  large  scale  flow  geometry 
G  is  a  universal  function.  M  is  a  universal  constant 
for  all  smooth  wall  flow  regions 


*33(klJ) 


h^(k^z) 


for  ail  kjZ.  The  reason  for  this  differing  behaviour  can 
be  seen  from  figure  4. 

As  seen  in  figure  4(aN .  a  hoc-wire  probe  distant  z 
from  the  wall  ’’sees"  u,  fluctuations  from  ail  eddies 
whose  height  6  is  of  order  2  and  above  Eddies  smaller 
than  2  are  not  "seen"  by  the  probe  and  they  do  not 
contribute  to  the  spectrum  Therefore,  the  resulting 
spectrum  is  made  up  of  contributions  of  all  eddies  whose 
scale  fall  in  che  range  2  to  On  the  other  hand,  as 
shown  in  figure  4(b)  a  probe  "sees"  fluctuations 

only  from  eddies  whose  scale  is  of  order  2  In  the 
former  case  we  see  many  hierarchies  whereas  m  the 
latter  we  see  approxima te iv  one  Hierarchy 

Figure  5  shows  the  various  spectra  collapsed 
according  to  che  various  similarity  laws  mentioned 
above 


Mk  jZ)  in<  kt4E) 
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FIGURE  5.  "Inner  flow"  and  "outer  flow"  scaling  for 
u^,  and  spectra  for  various  values 
of  z/A£. 


for  various  values  ■*'f  z/A^.. 

Re*200 , 000  (2AElT0/v)  and 

140U  /V  <  2  <  0.14A.. 

T  -  —  t 

1.26  mm  long  normal  wire. 


Using  "inner  flow"  scaling,  one  expects  the  spectra 
to  collapse  to  an  inverse  power  Law  and  asymptote  to  an 
exponential-like  curve  at  high  wavenumbers  and  to 
"peel-off"  from  the  inverse  power  law  at  low  wavenumbers 
for  differing  values  of  z/&  .  as  shown  in  figure  5(b'- 
The  results  in  figure  6(a)  appear  to  behave  correctly  at 
low  and  moderate  k  z;  however,  at  high  k  z  they 
"peel-off"  for  varying  values  of  z/&  Trie  smaller  the 
value  of  z/Ae»  the  earlier  the  "peel-off"  occurs  It 
appears  that  as  z/^E  decreases,  the  contribution  to  the 
spectrum  from  the  smaller  hierarchies,  whose  scale  is  of 
order  z,  decreases  and  these  hierarchies  seem  to 
"disappear"  One  possible  reason  for  the  "missing" 
hierarchies  is  the  spatial  resolution  limit  of  the 
normal  wire  This  is  strongly  supported  from  the  data  in 
figure  6(b)  where  a  0  39  mm  long  normal  wire  was  used 
One  can  see  some  of  the  "missing"  small  scale 
hierarchies  have  emerged  and  the  data  now  collapses  more 
convincingly  at  high  wavenumbers  and  the  spectral 
distribution  correlates  better  with  figure  5(b)  Figure 
7  shows  this  data  using  "outer  flow"  scaling  The 
collapse  at  low  wavenumbers  has  improved  and  the  spectra 
appear  at  low  wavenumbers  to  correlate  setter  with  the 
scheme  shown  in  figure  5(a). 

*  is  the  centerline  velocity  and  v  is  the 
kinematic  viscosity  of  the  fluid. 
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FIGURE  S.  "Inner  flow"  scaling  for  spectra 
for  various  values  of  z/br. 
Re=:75,000  to  200.000  and 
140U./V  <  z  <  0.14&  . 


FIGURE  6.  (b)  "Inner  flow"  scaling  for  u.  spectra 
for  various  values  of  z.-^. 
Re=200,000  ;  0.39  mm  long  normal 


wire  and  140U./V  <  z  <  0.l4ac.  .  . 
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"Outer  flow”  scaling  for  u,  soectra 
for  various  values  of  z.  h,  . 

Re*200,000  ;  0.23  .i*?.  long  normal  wire 
and  140l'.'v  <  z  <■  3.1 


FIGURE  9.  "Outer  flow"scaling  for  spectra 
for  various  values  of  z/i^. 

Re =7 5, 000  to  200,000  and 
1401).  /  v  <  z  <  0.  ■ 


Figures  3  and  9  show  the  u^  fluctuation  spectra 
according  to  "inner  flow"  and  "outer  flow"  similarity 
scaling  It  can  be  seen  that  a  more  uniform  collapse 
occurs  using  "inner  flow"  scaling  and  that  the  eo-:cr-c; 
shape  is  character ist ic  of  one  hierarchy,  lie  no 
inverse  power  law  occurs;  However,  at  high  wavenumbers 
the  spectra  sucessively  "peel-off"  earlier  for 
decreasing  values  of  Once  again,  this  is  most 

probably  a  spatial  resolution  effect  As  z/fl„  decreases 
the  scale  of  the  X-wires  increases  relative  To  the  scale 
of  the  hiera^chv  which  contributes  to  u,  fluctuations, 
which  is  of  order  z  see  figure  4<b»j,  and  the 
ooserved"  contribution  to  the  u^  spectra  at  high 
wavenumbers  decreases  The  authors  propose  that  if  the 
scale  of  the  X-wires  was  significantly  reduced,  the 
spectra  obtained  would  collapse  to  a  universal  curve  for 


all  k  z  as  shown  in  figure  5(e) 

Unfortunate ly  no  u.  results  have  yec  been  obtained 
for  pipe  flow 

Froad-band  Turbulence  Intensity  Distributions 


The  broad-band  turbulence  intensity  distributions 
can  be  found  either  from  the  eddy  intensity  functions  of 
Townsend  or  by  integrating  the  spectra  using  the 
functional  relations  given  earlier 

Using  the  eddy  intensity  functions 
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Townsend  has  shown  that  if  5.  «  z  << 
if  1^(0)  an<*  I,,(0)  are  ^in“8  and 

1,-1  zt  6)  •>.  (z/5)  2  as  U/«)  -  0 


and 


(9) 


(these  are  the  inviscid  boundary  conditions  assumed  in 
the  model)  then 
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FIGURE  10.  (b)  u*/U?  versus  z/A^.  Symbols  as 

for  figure  10 (a) . 


The  values  of  A  =0.9,  B  =2 . 64  and  L.sl.0  were 
obtained  independently  from  spectra  Tne  authors  suspec 
that  the  low  Reynolds  number  break  down  in  figure  10(a) 
occurs  because  the  condition  6^  <<  z  <<  Av  is  violated, 
since  as  the  Reynolds  number  decreases,  the  scale  6^  of 
the  smallest  eddies  increases  Also,  very  close  to  the 
wall,  spatial  resolution  problems  becomes  important 

Conclusions 

By  comparing  spectra  for  streamwise  velocity 
fluctuations  and  normal  velocity  fluctuations  in  the 
"constant  stress  layer"  close  to  the  wall  tie  in  the 
wall  similarity  region  defined  by  zU./v  >_  140  and 
z/Ar£0.14)  the  attached  eddy  hypothesis  is  strongly 
confirmed  and  so  also  is  the  idea  that  there  exists  a 
range  of  scales  of  geometrically  similar  eddies  with  a 
characteristic  velocity  scale  given  by  U_ 


where  and  A  and  are  universal  constants  for  a 
smooth  wall -and  and  depend  on  the  large  scale 
external  flow  geometry  Here  is  taken  to  be  the  pipe 
radius  As  mentioned  earlier,  the  spectral  scaling 
scheme  given  earlier  also  leads  to  equation  (10)  Figure 
10  shows  the  broad-band  results  and  the  correlations  in 
the  turbulent  wall  region  (i  e  zlWv  >  140  and 
z/6  <.0.14)  The  correlations  given  by  equation  (10> 
look  encouraging 


figures  10  (a)  and  (b)  are  : 
Re-200,000  -O:  175,000  -Q; 
150,000  -<3>;  125,000 
100,000  -Q;  75,000  -y. 
Equation  co  (i)  Is  given  by 
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ABSTRACT 

Experimental  studies  of  developed  axial 
single-phase  flow  through  closely  spaced  rod  arrays 
have  shown,  with  reducing  p/d  ratio,  the  development  of 
high  axial  and  azimuthal  curbulence  intensities  in  the 
rod  gap  region.  Associated  with  this  is  the  existence 
of  very  high  levels  of  the  azimuthal  Reynolds  shear 
stress  component  either  side  of  the  rod  gap  centre. 
Spatial  corrrelacion  analysis  of  the  three  turbulent 
velocity  components  has  shown  a  large  scale  coherent 
and  almost  periodic  structure  in  the  rod  gap  region. 

The  structure  is  markedly  different  to  the  currently 
accepced  secondary  flow  model. 

INTRODUCTION 

Secondary  flows,  induced  by  gradients  of  the 
Reynolds  stresses  in  a  plane  normal  to  the  duct  axis, 
are  present  in  developed  single-phase  turbulent  flow 
through  ducts  not  having  a  rotational  symmetry  axis. 

For  che  large  arrays  of  heat  generating  rods  used  in 
nuclear  power  reactors,  such  secondary  flows  have  been 
assumed  to  have  considerable  significance,  as  they 
serve  co  decrease  che  azimuchal  variation  of  the  local 
rod  surface  heat  transfer  coefficient.  The  detection 
of  V  and  W  in  rod  arrays  is  experimentally  difficult. 
Rjellstrom  (1974)  used  an  air  rig  with  a  triangular  rod 
array  test  section  spaced  at  a  p/d  ratio  of  1.217,  and 
measured  the  mean  velocity  distribution,  wall  shear 
scress  variation,  and  five  of  the  six  Reynolds 
stresses.  Although  secondary  flow  velocity  components 
of  che  order  of  1%  of  che  local  axial  velocity  were 
reported,  they  were  not  symmetrical  and  indicated  a 
circulation  around  one  rod  of  the  array.  Trupp  and 
Azad  ( 1973)  used  air  as  che  working  fluid  in  a 
triangular  array  spaced  at  three  p/d  ratios,  1.30,  1.33 
and  1.20.  Secondary  flow  cells  were  not  directly 
measured.  Rowe  (1973)  used  a  laser-Doppler  anemometer 
with  water  as  the  working  fluid  in  a  square-pitched  rod 
array  spaced  at  two  p/d  racios,  1.230  and  1.123.  The 
mean  axial  velocity  distribution  and  two  of  the 
Reynolds  scress  components  were  measured.  Multiple 
secondary  flow  cells  for  the  repeated  symmetry  areas  of 
one  subchannel  were  deduced  from  the  axial  Curbulence 
intensity  distribution,  without  direct  experimental 
measurement.  A  study  by  Carajilescov  and  Todreas 
(1973)  of  a  triangular  array  spaced  at  a  p/d  ratio  of 
1.123,  using  water  as  the  working  fluid  and  a 
laser-Doppler  anemomecer  as  che  measurement  system, 
again  failed  to  directly  resolve  secondary  flow  cells. 

The  experiments  of  Kehme  (  1979,  1982a,  1982b)  in  a 
square-pitched  rod  array  bounded  by  a  rectangular 
duct  and  using  air  as  the  working  fluid  have  shown  a 
progressive  increase  in  the  axial  and  azimuthal 
curbulence  intensity  in  che  rod  gap  region  as  che  rod 
to  rod  or  rod  to  wall  distance  (p/d  or  w/d  ratio)  is 
reduced.  This  extensive  experimental  series  covers 


the  p/d  range  1.036,  1.071,  1.  15  and  1.40,  and  the  w/d 
range  1.026,  1.048,  1.071  and  1.118  (1982b).  The  very 
high  axial  and  azimuchal  turbulence  intensities 
present  in  the  rod  gap  region  for  the  closest  rod  Co 
rod  or  wall  spacings  lend  some  doubt  as  to  the 
accuracy  of  che  hot  wire-  small  signal  approximations. 
However,  a  consistent  trend  noted  in  the  series  is  che 
development  of  very  high  levels  of  the  azimuthal 
Reynolds  shear  stress  in  the  rod  gap  region  as  che  p/d 
or  w/d  ratio  are  reduced,  with  no  direct  measurements 
of  secondary  flow. 

A  similar  study  in  a  symmetrical  square-pitch  rod 
array  (hooper  (1980))  for  two  p/d  ratios  (1.194  and 
1.107)  showed  the  same  increase  in  the  axial  and 
azimuthal  turbulence  intensity  as  the  rod  spacing  was 
reduced.  There  was  little  evidence  of  any  non-zero 
secondary  flow  components  V  and  W.  The  mechanism 
whereby  the  high  axial  and  azimuthal  curbulence 
intensities  develop  in  the  rod  gap  region  was 
unresolved. 

2.  EXPERIMENTAL  RIGS 

The  results  from  two  experimental  studies  are 
discussed.  One  duct  represented  the  interior  region 
of  a  symmetrical  square-pitch  rod  array  spaced  at  a 
p/d  ratio  of  1.107  (Hooper  (1980)).  The  other 
test-section  is  the  rig  used  in  the  Kehme  (1982a) 
s  cud  y . 


2.1  Symmetrical  Square-pitch  Rod  Array.  The  six 
rod  cluster  forming  a  symmetrical  test  section,  figure 

l,  was  intended  to  model  the  fluid  mechanics  in  the 
Interior  of  a  large  square-pitch  rod  array.  The  rod 
diameter  was  140  on,  and  the  cesc  seccion  length  9.14 

m.  The  ratio  of  the  cesc  section  length  to  hydraulic 
diameter  was  128.  This  was  shown  to  be  sufficient  to 
ensure  developed  flow  conditions. 

Air  was  che  working  fluid,  and  hot-wire 
anemometry  was  used  co  determine  the  direction  of  the 
mean  velocity  vector  and  all  six  components  of  the 
Reynolds  stresses.  rotated  inclined  wire  prooe 

was  estimated  to  be  capable  of  detecting  secondary 
flew  velocities  greater  than  1Z  of  che  local  axial  u. 


2 . 2  Wall  Bounded  Square-pitch  Array.  The 
central  part  of  the  test  seccion,  consisting  of  four 
rods  equidistant  from  the  walls  of  an  enclosing 


rectangular  duct,  is  shown  by  figure  2.  The  rod 


diamecer  was  157.5  on  and  the  minimum  rod  to  wall 


distance  for  all  four  rods  (g)  was  11.35  ma,  with  a 


rod  gap  width  5.7  mm.  The  test  section  averaged 
hydraulic  diameter  d^  was  45.6  nm,  and  the  test 
section  length  7.0  m.  The  non-linearizec  bridge 


output  signals  from  constant  temperature  hot  wire 
anemometer  bridges  were  high  pass  filtered  at  0.1  Hz, 


and  directly  recorded  on  F.M.  tape. 


In  contrast  to  che  rod  centered  cylindrical 


co-ordinate  system  used  by  Rehme  (1982a),  a  cartesian 
co-ordinate  system  centered  in  the  rod  gap  (fig. 2)  was 
used.  The  subchannel  averaged  Reynolds  number  of  the 
study  was  7.60  x  10  . 


3. 


fc.XPEKIMt.NTAl.  RESULTS  -  SYMMETRICAL  SQUARE-PITCH 
ROD  ARRAY 


Complete  experimental  data  of  Che  mean  axial 
velocity  distribution,  wall  shear  stress  variation  and 
the  magnitude  of  the  six  Reynolds  stresses  over  chc 
Reynolds  number  range  22.6  to  207.6  x  10 3  is  given  by 
Hooper  et.  al  (1983). 

The  axial  momentum  equscion  for  curbulent  flow 
through  the  rod  cluster,  resolved  in  a  cylindrical 
coordinate  system  centered  on  an  inner  rod  of  the  array 
is  : 


DU 

Dt 


3P 


-  ^  (i) 


For  developed  flow  conditions,  derivatives  of  the  mean 
velocity  and  Reynolds  stresses  in  Che  axial  direction 
(z)  are  zero.  As  shown  by  Wood  (1981)  the  above 
equation  may  be  integrated  radially  from  the  rod  wall 
for  a  fixed  traverse  angle.  The  viscous  term  is  of 
negligible  magnitude  except  in  the  viscous  sublayer  ac 
the  rod  surface,  where  u  is  equal  to  r(8). 

The  Integral  momentumrequation  is  : 


K+y 


-  P  uv  .  (y  +  R)  -  o/  -rr-  dr  (2) 
R 


The  right  hand  terms  of  equacion(2)  are  known  or 
may  be  numerically  calculated,  allowing  an  estimation 
of  the  significance  of  V  and  V  to  the  axial  momentum 
balance.  The  high  contribution  of  the  azimuthal  shear 
stress  -POT  to  the  balance  for  the  rod  gap  region  is 
indicated  by  figure  3,  for  a  Reynolds  number  of  46.3  x 
,r>  Wood  (1981)  has  shown,  using  Che  data  from  Hooper 
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(1980)  and  a  notional  single  cell  of  secondary  flow  for 
the  0  to  43°  symmetry  zone,  that  the  maximum  level  of  V 
for  the  0°  traverse  is  0.252  of  U,  the  peak  level  of 
the  local  axial  velocity.  Hooper  and  Rehme  (1983) 
using  different  assumptions  for  V,  showed  V  to  be  not 
greater  than  0.12  of  0  at  0°. 

These  low  estimated  levels  of  V  are  in  agreement 
with  the  experimental  data  for  the  extended  Reynolds 
number  study  (Hooper  et.  al(1983)),  where  no  non-zero  V 
or  W  measurements  were  made  to  z  12  of  U. 


4.  EXPERIMENTAL  RESULTS  -  WALL  BOUNDED  SQUARE-PITCH 


ARRAY 


The  association  of  increasingly  high  axial  and 
radial  turbulence  intensities  in  the  rod  gap,  and  the 
generation  of  higher  levels  of  cha  azimuthal  Reynolds 
shear  stress  near  to  Che  gap  centre  as  the  p/d  ratio  is 
reduced  does  not  appear  to  be  related  to  Increasing  or 
even  measurable  secondary  flow  components.  This  is 
shown  by  the  lack  of  significant  V  and  W  measurements 
in  the  rod  gap  (1979,  1982a)  in  Che  extensive  Rahme 
studies  (1982b).  In  an  attempt  to  resolve  Che  fluid 
mechanism  whereby  high  curbulent  kinetic  energy  is 
transported  to  or  generated  in  the  gap  region,  a  two 
probe  spatial  correlation  study  was  made  for  chc  Rahme 
(  1982a)  cast  section  ac  Che  same  Reynolds  number. 


4.1  Direct  Reproduction  of  u,v,w.  The  turbulenc 
velocity  components  for  two  points  in  che  rod  gap, 
point  2  located  at  (x.y)  co-ordinates  (0,  -10  mm)  and 


point  4  at  (0,10  am)  are  shown  in  figures  4a  and  b. 

The  time  record  length  of  0.1  seconds  is  far  less  than 
the  time  used  to  compuce  the  correlation  functions. 
However,  there  is  clearly  shown  to  be  a  considerable 
large  scale  structure  in  the  axial  velocity 
fluctuations  ac  both  locations  for  the  x-z  plane.  The 
mean  axial  velocity  U  ac  the?*  locations  was  20.3 
m  s  .and  the  peak  excursion  of  the  axial  turbulence 
component  U  is  approximately  252  of  this  value. 

The  turbulence  component  along  the  x  axis,  v,  is 
seen  to  be  considerably  reduced  in  magnitude,  with 
little  evidence  of  the  large  scale  structure  of  the 
axial  component.  The  lack  of  a  large  scale  structure 
and  reduced  intensity  for  v  in  che  rod  gap  is  not 
surprising,  as  cha  narrow  gap  width  must  dampen  and 
restrict  velocity  fluctuations  normal  to  the  rod 
surface. 

The  velocity  component  along  the  y  axis,  w,  is 
seen  in  figure  4b  to  have  an  almost  periodic  large 
scale  structure.  The  magnitude  of  the  velocity 
fluctuations  in  w  is  at  least  equivalent  to  u.  There 
is  more  fine  scale  turbulence  superimposed  on  the 
transverse  or  w  component  chan  u,  however.  The  large 
scale  structure  of  w  is  clearly  correlated  across  the 
rod  gap  centre-line.  The  presence  of  a  large  scale, 
energetic  and  periodic  momentum  exchange  process 
through  the  rod  gap  is  strongly  suggested  by  figure 
4b. 

4.2  Cross-correlation  Coefficients  Within 

One  Subchannel .  In  order  to  resolve  the 
extent  of  penetration  of  the  large  scale  structure 
present  in  the  rod  gap  into  the  subchannel,  the 
cross -correlation  coefficients  between  u,  v  and  w  were 
measured  along  the  y  axis.  A  fixed  hot  wire  probe  1 
was  located  at  (x,  y)  coordinates  at  (0,10  am)  and 
probe  2  moved  along  the  y  axis  between  this  location 
and  (0,55  mm).  An  unfiltered  analog  signal  processing 
system  was  used  to  generate  the  results  shown  by 
figure  5. 

The  axial  velocity  component  u  is  seen  to  be 
significantly  correlated  for  a  considerable  distance 
from  Che  rod  gap  area.  The  furthest  data  point, 
corresponding  to  a  y2  value  of  55  mm,  is  in  tne  same 
region  reached  by  a  radial  traverse  ac  35°.  The 
results  of  Rehme  ( 1982a)  show  a  significant  reduction 
here  in  the  axial  turbulence  intensity. 

The  transverse  turbulent  velocity  component  w, 
directed  towards  the  rod  gap,  is  also  well  correlated 
over  the  same  distance.  The  x  axis  or  v  component  of 
the  turbulence  is  seen  to  have  no  significant  cross- 
correlation  for  the  whole  traverse  length. 

4 . 3  Auto-correlation  Functions.  The 
auto-correlations  of  the  axial  and  transverse 
turbulent  velocity  components  were  compuced  for  the 
rod  gap  region  along  che  y  axis,  with  che  fixed  probe 
at  y  ■  -10  am  (location  2).  The  moving  probe  was 
placed  at  locations  1,3  and  4,  corresponding  to  y 
values  of  0,5  and  10  mm.  A  digital  analysis  method 
was  used,  with  antialiasing  filters  set  ac  736  Hz. 

The  axial  velocity  component  u  shows  little 
evidence  of  a  periodic  function  for  che  rod  gap 
centre,  as  shown  by  figure  6a.  However,  away  from  che 
x  axis  symmecry  line,  the  axial  component  of 
turbulence  does  show  a  damped  periodic  response,  with 
a  cyclic  frequency  of  92  Hz  (figure  6b).  This 
frequency  is  repeaced  in  all  the  periodic  auto-  and 
cross-correlation  functions  measured  (nooper  and  Rehme 
1983)  and  represents  an  average  frequency  of  tne 
cyclic  momentum  interchange  process  for  che  100  second 
timt  records  used  in  che  computation. 

The  transverse  curbulent  velocity  component  w 
shows  a  periodic  response  ac  all  locations  for  the 
auto-corrtlation.  Figure  6c  is  typical,  with  strong 
evidence  of  the  92  Hz.  Further  spatial  correlations 
of  u  and  w  are  given  by  nooper  and  Rehme  (1983).  The 
cross-correlation  functions  for  the  transverse 
velocity  component  were  shown  to  be  highly  correlated 
tor  all  rod  gap  locations.  This  is  significant,  as 
secondary  flow  cells  would  not  be  expecced  to  cross 
the  x  axis,  a  symmecry  boundary  of  the  duct. 


4.4  Reynolds  shear  stress  -pug.  It  has  been 
demonstrated  experimentally  (Section  3)  that  this 
component  is  antisymmetric  with  respect  to  the  x  axis. 
An  examination  of  the  cross-correlation  function  for 
these  turbulent  velodcy  components  at  the  rod  gap 
centre,  figure  7a,  and  at  locations  2  and  4  on  either 
side  of  the  x  axis,  figures  7b, c,  shows  the  high 
megnitude  of  this  Reynolds  stress  component  to  be 
associated  with  the  cyclic  fluctuation  centered  at  92 
Hz.  although  it  is  difficult  to  talk  of  che  phase  of  a 
signal  that  is  jittering  in  both  amplitude  and 
frequency  (figure  4b),  figures  7a, b  c  suggest  that  the 
change  of  sign  of  -puu  is  connected  to  a  phase  shift 
between  u  and  w.  The  functions  were  calculated  for  100 
sec. ,  a  sufficiently  long  record  to  give  reasonable 
statistical  accuracy,  and  without  recourse  to  any  of 
the  conditional  sampling  techniques. 

5.  DISCUSSION 

The  spatial  extent  of  che  high  correlation 
coefficients  for  both  the  axial  and  transverse 
turbulent  velocity  components,  and  the  auto-  and 
cross-correlation  functions  computed  for  the  rod  gap 
region,  support  the  existence  and  demonstrate  the 
extent  or  tne  periodic  intersubchannel  momentum 
exchange  process  for  the  wall  subchannel  test  section. 
The  peak  value  of  the  transverse  turbulent  velocity 
component  in  the  rod  gap  region  is  approximately  252  of 
the  local  axial  velocity,  a  level  at  least  one  order  of 
magnitude  higher  than  possible  level  of  secondary  flow 
components . 

It  is  necessary  to  consider  whether  the  highly 
correlated  large  scale,  in  terms  of  the  rod  gap  width, 
turbulent  structure  present  in  the  study  for  a  p/d 
ratio  of  1.036  is  characteristic  of  developed  rod 
bundle  turbulent  flow  at  low  p/d  ratios,  or  may  be 
traced  to  another  physical  phenomenon. 

Bradshaw  ( 1982)  has  suggested  the  possibility  of 
an  acoustic  resonance  effect;  che  rig  length  of  7  m  is 
close  co  a  half  wavelength  for  the  resonance  frequency 
noted  by  Section  4.3.  A  possible  indication  that  the 
phenomenon  is  not  linked  Co  an  acoustic  resonance  is 
che  demonstration  chat  che  resonant  frequency  is 
Reynolds  number  dependent.  It  has  not  yet  been 
possible  Co  test  this  in  the  Rehme  (1982a)  test 
section.  However,  two  as  yet  unpublished  studies 
( Hof man  1982),  using  flow  visualization  co  resolve  the 
fluid  structure  in  closely  spaced  rod  arrays,  do  answer 
this  question.  Both  experiments  used  water  as  che 
working  fluid  and  aluminium  powder  as  the  flow 
visualization  particles,  both  studies  clearly  showed 
che  presence  of  che  large  scale  turbulent  structure  in 
the  rod  gap,  an  effect  that  became  more  narked  as  the 
gap  width  was  reduced.  For  a  fixed  test -section 
geometry,  it  was  also  shown  that  the  cyclic  frequency 
was  Reynolds  number  dependent.  The  scale  of  the  rigs 
was  considerably  smaller  than  che  air  test  sections  of 
Sections  3  and  4,  and  it  should  be  noted  that  the  ratio 
of  che  speed  of  sound  in  water  to  air  at  20°C  is  4.4  ; 

1.  The  test  section  length  was  one  order  of  magnitude 
less  than  the  acoustic  resonance  wavelength. 

Another  possible  source  of  che  fluid  structure  in 
the  rod  gap  is  a  mechanical  vibration  of  che  rods , 
coupled  co  the  fluid.  Thompson  ( 1982)  noted  that  if 
che  rods  vibrate  laterally,  the  fluid  in  che  gap  will 
be  transported  wlch  them  as  a  virtual  mass  effect. 
Accelerometer  studies  have  shown  negligible  rig 
vibration,  with  no  correlation  to  the  turbulent 
velocity  components.  A  further  possible  acoustic 
source  is  in  che  pressure  noise  generated  by  che  rig 
blower.  However,  the  study  of  the  symmetrical  four-rod 
array  (Hooper  (1980))  showed  che  mean  and  turbulent 
flow  structure  to  be  insensitive  to  changes  in  the 
blower  pressure  noise  of  approximately  two  orders  of 
magnitude.  It  is  therefore  considered  probable  chat  a 
large  scale  coherent  structure  in  the  rod  gap  region  is 
a  characteristic  feature  of  rod  bundle  turbulent  flow 
at  low  p/d  ratios.  The  origin  of  chls  structure  is 
likely  co  be  a  cyclic  pressure  field  between  adjacent 
subchannels.  As  noted  by  Bradshaw  (1982)  an 
incompressible  flow  instability  is  possible.  If  che 
mass  flew  axially  along  one  subchannel  decreases,  che 


axial  pressure  gradient  for  this  channel  will  also 
decrease,  leading  to  a  pressure  difference  between  it 
and  the  surrounding  subchannels.  Phase  lags  may  make 
this  an  unstable  situation,  leading  co  vortex  shedding 
in  the  rod  gap  region. 

6.  CONCLUSIONS 

A  most  significant  feature  of  developed  single 
phase  flow  through  closely  spaced  rod  bundles  is  the 
development  of  a  large  scale  fluid  structure  in  the 
rod  gap  region.  The  structure  is  almost  periodic  in 
frequency  for  high  Reynolds  number  flows,  and  develops 
high  levels  of  che  transverse  turbulent  velocity 
component  through  the  rod  gap.  The  role  of  secondary 
flows,  induced  by  gradients  of  the  Reynolds  stresses 
in  an  axial  plane,  appears  to  be  minimal  in  this 
process. 
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Turbulent  velocity  components  u,w  (m  s”1) 
Figure  4b 
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ABSTRACT: 

The  present  paper  sunmarizes  experimental  results  ob¬ 
tained  by  means  of  hot-wire  anemone try .  Measurements 
are  provided  for  boundary  layer  flows  at  various 
Reynolds  numbers.  Measurements  of  mean  flow  properties 
are  given  and  results  obtained  via  conditional 
sampling  are  provided.  The  employment  of  a  hot-wire 
temperature  wake  sensor  allowed  relevant  information 
on  the  cross  velocity  fluctuations  to  be  obtained 
in  regions  very  close  to  the  wall. 

1.  INTRODUCTION: 

Turtwlent  vail  boundary  layers  have  been  extensively 
studied  by  many  research  workers  of  fluid  mechanics 
and  a  vast  amount  of  information  has  become  available 
an  mean  and  fluctuating  flow  properties  as  well  as 
spectral  information  from  which  turbulence  length 
scales  were  deduced.  Quantitative  information  like 
this  farmed  the  basis  of  turbulence  model  development 
and  the  development  of  prediction  procedures  for 
turbulent  flows.  It  has  occasionally  been  claimed, 
however,  that  boundary  layer  information  is  only  avai¬ 
lable  at  low  Reynolds  numbers  whereas  turbulence  models 
embrace  assumptions  that  are  usually  attributed  to 
flows  at  high  Reynolds  numbers.  Hence,  questions  have 
arisen  regarding  the  influence  of  Reynolds  number  cn 
the  properties  of  wall  boundary  layers. 

In  recent  years,  coherent  flow  structures,  present  in 
wall  bounded  flows,  have  gained  the  attention  of  ex¬ 
perimentalists  and  it  has  been  claimed  that  they  con¬ 
trol  the  development  of  wall  boundary  layers  and  all 
major  contributions  to  the  Reynolds  shear  stress. 
Complications  occur  in  studying  these  structures  be¬ 
cause  of  their  double  nature  ;  the  large  scale 
structure  which  is  Reynolds  number  Independent  and  the 
well  structure  far  which  complete  seeding  laws  are 
not  yet  available.  Questions  arise  whether  scaling 
laws  obtained  for  low  Reynolds  number  flows,  mostly 
studied  by  previous  authors,  can  be  extrapolated  to 
higher  values. 

It  has  been  the  aim  of  the  authors'  work  to  provide 
partial  answers  to  the  aforementioned  questions.  In 
which  way  their  work  is  related  to  that  of  other  re¬ 
search  workers,  is  given  by  Andreopoulos  et  al.d983) 
where  detailed  information  on  the  authors'  experimental 
results  are  presented.  Below  only  a  summary  is  pro¬ 
vided. 


2.  EXPERIMENTAL  ARRANGEMENT 

The  present  investigations  were  performed  in  the  closed 
circuit  wind  tunnel  of  the  Institut  fur  Hydromechanik 
of  the  Universitat  Karlsruhe,  details  of  which  are  pro¬ 
vided  by  Ermshaus  and  Naudascher  (1977) .  It  oonsists  of 
a  well  designed  settling  chamber  with  wire  meshes 
followed  by  contraction  with  an  area  ratio  of  10:1  en¬ 
tering  into  an  8  m  long  working  section.  The  cross  sec¬ 
tional  shape  of  the  wind  tunnel  is  octagonal  with  an 
internal  diameter  of  1 .5  m.  The  entire  roof  of  the  work¬ 
ing  section  is  adjustable  to  permit  flow  investigations 
at  zero  longitudinal  pressure  gradient.  This  experimen¬ 
tal  condition  can  be  achieved  without  influencing  the 
lew  turbulence  intensity  in  the  free-stream  which  was 
approximately  0.06  %  at  40  m/sec. 

A  flat  plate  made  of  formica  was  installed  horizontally 
inside  the  tunnel  section  30  cm  from  the  tunnel  floor. 

The  total  length  of  the  plate  was  6  m  and  it  was  suppor¬ 
ted  by  streng  vertical  bars  mounted  over  the  entire 
plate  length.  It  avoids  plate  deflections  due  to  static 
pressure  differences.  The  plate  material  was  chosen  to 
avoid  hot-wire  corrections  close  to  the  wall  and  was 
suggested  in  a  theoretical  and  experimental  study  per¬ 
formed  by  Bhatia  et  al.  (1982)  which  explains  the  actual 
mechanism  of  the  increased  heat  transfer  from  hot-wires 
close  to  walls.  The  study  showed  that  heat  losses  due 
to  wall  proximity  are  negligible  if  highly  heat-insulting 
wall  materials  are  employed. 

The  traversing  mechanism  for  the  hot-wire  prebes  was  in¬ 
stalled  Inside  the  wind  tunnel  and  had  an  automatic, 
externally  driven  position  control.  The  driving  unit 
consisted  of  a  stepping  motor  which  permitted  precise 
relative  positioning  of  the  hot-wire  in  the  three 
directions  of  a  cartesian  coordinate  system  with  a  step 
size  of  25  urn  in  each  direction.  For  measurements  in 
close  proximity  of  the  wall,  the  relative  motion  of  the 
probe  was  also  checked  independently  by  means  of  a  com¬ 
parator  clock  of  1  urn  positioning  accuracy.  The  absolute 
position  of  the  wire  from  the  wall  surface  was  obtained 
through  an  additional  position  calibration  performed 
in  still  air  outside  the  wind  tunnel.  This  calibration 
was  performed  on  the  top  of  a  wall  consisting  of  the 
same  material  as  the  flat  plate  inside  the  wind  tunnel. 

It  was  found  that  the  hot-wire  anemometer  output  voltage 
was  a  function  of  wire  distanoe  from  the  wall  as  shown 
in  Fig.  1 .  The  actual  wire  position  in  this  distance 
calibration  was  obtained  with  a  precision  microscope 
with  a  traverse  for  the  scaled  abjective  lens  system 
having  a  traverse  accuracy  of  2um.  The  measurements  in¬ 
side  the  tunnel  were  started  without  any  flow  and  the 
starting  wire  position  was  obtained  using  the  position 
calibration  information  of  Fig .  1 . 


periments.  All  anemometers  were  carefully  checked  prior 
to  their  enployment  in  the  present  investigations. 


Pig.  1:  Calibration  curve  for  the  determination  of 
absolute  distance  of  the  hot-wire  location 
from  the  vail 

Special  care  vas  taken  to  position  the  prongs  of  the  * 
probe  parallel  to  the  vail  in  order  to  approach  the 
surface  as  close  as  possible  and  to  minimize  flew  dis¬ 
turbances  by  the  wire  prangs  and  probe  support.  At 
higher  flow  velocities  the  hot-wire  probes  were  igclirad 
with  respect  to  the  vail  surface  by  up  to  about  5°  in 
order  to  permit  measurements  inside  the  viscous  sub¬ 
layer  of  the  flow;  this  region  becomes  thinner  as  the 
Reynolds  .number  of  the  flow  increases. 

Streanwise  velocity  measurements  were  performed  with 
standard  hot-wire  anemometer  equipment  consisting  of  a 
DISA  POS  gold-plated  boundary  layer  probe  operated  with 
a  DISA  55M01  constant  temperature  anemometer.  The  over¬ 
heating  ratio  for  the  hot-wire  vas  1 . 8 ,  and  the  wire 
was  calibrated  for  this  value  in  the  range  0.3  m/s  - 
40  m/s  using  the  modified  DISA  55D90  calibration  equip¬ 
ment  described  by  Bruun  and  Tropea  (1979)  together  with 
a  Baratrcn  3  nmHg  pressure  transducer.  In  addition  to 
measurements  with  single  hot-wire  probes,  the  present 
investigations  also  incorporated  simultaneous  measure¬ 
ments  of  two  velocity  components,  the  longitudinal  com¬ 
ponent  and  the  ccrpcnent  perpendicular  to  the  vail.  Tt> 
obtain  both  velocity  components  at  small  distances  to 
the  vail,  a  snail  hot-wire,  tenperature-vake  sensor 
was  enployed  as  described  by  Durst  and  Ermshaus  (1977)  . 
This  sensor  measures  the  magnitude  of  the  instantaneous 
velocity  vector  with  the  help  of  a  5  uni  diameter  hot¬ 
wire  located  at  the  front  end  of  a  three  wire  probe 
shown  in  Fig.  2. 


Fig.  2:  Hot-wire,  tenperature  vake  sensor 

This  wire  is  followed  by  two  parallel  2  urn  diameter  tem¬ 
perature  sensors  enployed  to  measure  the  direction  of 
the  tenperature  vake.  Having  the  magnitude  of  the  in¬ 
stantaneous  velocity  vector  and  its  direction  relative 
to  the  vail,  permits  the  instantaneous  velocity  com¬ 
ponents  U  and  V  to  be  canputed.  However,  as  already 
explained  by  Durst  and  Ermshaus  (1977) ,  the  sensor  de¬ 
sign  has  to  be  matched  to  the  flow  field  uraier  investi¬ 
gation  and  the  present  sensor  is  limited  to  applications 
in  the  velocity  range  of  1 .5  m/s  to  7.0  m/s  approx. 

In  the  present  experiments,  the  fren  hot-wire  was  opera¬ 
ted  in  the  bridge  of  a  hot-wire  anemometer  (DISA  S5M01) 
enployed  in  its  constant  temperature  mode.  The  two 
tenperature  wires  ware  driven  by  two  DISA  55M20  systans 
operated  as  oonstant  current  anencmeters.  The  heating 
currant  to  each  wire  was  approximately  1mA  in  all  ex¬ 


The  hot-wire  tenperature-wake  sensor  required  careful 
calibration  and  this  was  performed  in  the  centre  part 
of  the  wind  tunnel  enployed  in  the  present  study.  The 
probe  inclination  to  the  flow  direction  was  altered  in 
steps  of  5°  and  the  voltage  difference  of  the  two  tem¬ 
perature  wires  was  measured  as  the  calibration  signal 
for  the  flow  direction.  Calibration  had  to  be  formed 
for  various  flow  velocities  as  indicated  in  Fig.  3  which 
shews  two  typical  calibration  curves  for  U  *  1.42  m/s 
and  7.43  m/s.  Both  calibration  curves  indicate  divia- 
tians  fran  the  theoretically  expected  nearly  linear 
response,  see  CXirst  and  Ermlihaus  (1977) ,  due  to  small 
imperfections  in  manufacturing  the  probe.  To  obtain  the 
actual  flow  angle  in  the  measurements,  linear  inter¬ 
polation  was  employed,  as  indicated  in  Fig.  3,  utilizing 
the  calibration  data.  In  the  data  reduction  scheme,  see 
Andreopoulos  (1980) ,  the  dependence  of  the  hot¬ 

wire  signal  on  the  flew  parallel  to  the  wire  was  rot 
considered  and  calibrations  for  this  velocity  component 
did  not  need  to  be  performed. 


Fig.  3:  Calibration  curve  and  interpolation  scheme  for 
evaluation  of  the  tenperature  vake  sensor 
signals 

Within  the  centre  part  of  the  wind  tunnel,  the  front  wire 
of  the  hot-wire  temperature-wake  sensor  vas  also  cali¬ 
brated  insitu  yielding  the  anerremeter  output  voltage  as 
a  function  of  the  adjusted  flew  velocity.  The  anemometer 
voltage  turned  out  to  be  a  function  of  the  probe  incli¬ 
nation  to  the  flew  direction.  It  is  for  this  reason 
that  the  hot-wire  part  of  the  sensor  had  also  to  be 
calibrated  for  velocity  direction  yielding  results  as 
indicated  in  Fig.  4. 

All  measurements,  including  the  calibration  data,  were 
recorded  on-line  by  a  data  acquisition  system  based  on  a 
Hewlett  Packard  5451C  Fourier  Analyser,  Prior  to 
storing  and/or  recording  the  data,  the  output  of  tne 
anemometers  was  first  lew-pass  filtered  at  10  kHz  and 
then  digitized  and  recorded  on  magnetic  tapes.  For  the 
actual  measurements  signals  between  20  sec  and  40  sec 
total  length  were  taped  at  each  measuring  point  with  the 
recording  length  being  dependant  on  the  flow  velocity 
and  the  measuring  location  fran  the  wall.  The  sanpling 
rate  for  the  data  was  chosen  to  be  between  5  to  20  kHz 


depending  cn  the  Reynolds  number  of  the  fl <w.  these 
sampling  rates  ensured  the  high  frequency  components 
of  the  velocity  fluctuations  to  be  retained  in  the  sig¬ 
nal  records,  the  taped  signals  Mere  subsequently  ana¬ 
lysed  employing  special  soft-ware  programs  written 
far  the  UNTVAC  1108  digital  ocmputer  of  the  Universi¬ 
ty:  Karlsruhe,  the  stored  signals  were  also  converted 
into  velocities  and  restored  on  tapes  for  further  pro¬ 
cessing. 


the  authors'  mean  velocity  measurements  are  given  by 
Andreopoulos  et  al.  (1983) .  they  yielded  no  Reynolds 
number  dependence  of  the  sub-layer  region  wten  nor¬ 
malized  with  wall  variables.  Inside  the  buffer  region 
and  the  log  region  of  the  normalized  velocity  distri¬ 
bution,  a  Reynolds  number  dependence  was  observed,  the 
additive  constant  of  the  log  law  fitted  to  the  authors' 
data  slightly  decreased  with  increasing  Reynolds  num¬ 
ber. 


Fig.  4:  Angle  dependence  of  signal  frcm  front  wire 
of  the  temperature  wake  sensor 


3  EXPERIMENTAL  RESULTS 

3.1  Conventional  Averaged  Flow  Properties 

The  authors ' investigation  embraced  various  Reynolds 
numbers  that  are  given  in  Table  1  together  with  pro¬ 
perties  of  the  boundary  layers  investigated. 

In  this  table  U^  is  the  free  stream  velocity,  u  the 
friction  velocity  ,  6  the  boundary  layer  thickness, 

6*  the  displacement  thickness,  0  the  momentum  thickness, 
H  its  shape  factor,  R„  the  Reynolds  number  based  cn  mo¬ 
mentum  thickness  and  cf  the  friction  factor. 


Figure  5  shews  the  Reynolds  number  dependence  of  the 
rms-values  of  the  longitudinal  velocity  fluctuations. 
Data  are  presented  in  normalized  quantities  with  wall 
variable^  as  normalizing  parameters.  Within  the  sub¬ 
layer  (y  £  5)  no  Reynolds  number  dependence  of  the 
rms-values  of  longitudinal  log  velocity  fluctuations 
is  observed.  In  the  buffer  region  (5  £  y  £  50)  a 
strong  Reynolds  number  dependence  is  observed  showing 
a  decrease  in  magnitude  with  Reynolds  numbers  up  to 
approximately  Rea  s  10’.  Far  higher  Reynolds  numbers, 
a  universal  distribution  appears  to  be  reached  which 
extends  into  the  log  law  region  of  the  flew.  It  is 
worth  noting  that  the  decrease  of  the  (u'/u  (-values 
with  Reynolds  number  within  the  buffer  region  of  the 
flew,  is  in  general  agreement  with  measurements  by 
Iaufer  (1950),  Ccmte-Bellcrt  (1965)  and  Zaric  (1972) 
obtained  in  channel  flews. 

the  skewness  and  flatness  factors  of  the  velocity 
fluctuations  are  presented  in  Fig.  6  and  7.  these 
figures  indicate  same  interesting  features  of  near¬ 
wall  flews  reflected  by  the  shape  of  the  distribution 
of  skewness  and  flatness  factors  of  the  streamwise 


Fig.  5:  Ncn-dimansionalized  rms-values  of  the  longitu¬ 
dinal  velocity  fluctuations 
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Table  1 :  Integral  properties  of  investigated  boundary 
layers  at  various  Reynolds  numbers 


the  data  in  table  1  were  obtained  by  numerical  inte¬ 
gration  of  Pitot  tube  measurements,  the  shear  stress 
information  was  obtained  frcm  direct  slope  measure¬ 
ments  of  hot-wire  anemometers,  this  information  was 
compared  with  friction  factors  obtained  from  Clauser 
plots  (1954)  of  the  mean  velocity  data  and  Preston 
tube  measurements  using  Patel's  calibration  curve 


Fig.  6:  Distribution  of  flatness  factor  of  the  longitU' 
dinal  fluctuations.  Symbols  as  in  figure  5 


velocity  consonants  in  the  viscous  sublayer.  This  infor¬ 
mation  is  oatpleted  by  the  skewness  factor  for  the  cross 
velocity  consonant  provided  in  Fig.  8.  High  values  of 
skavness  factors  S  S  close  to  the  wall,  but  with  oppo¬ 
site  signs,  and  high  values  of  flatness  factors  F 
can  be  related  to  the  intermittent  flow  structure11 
inside  the  viscous  sublayer.  The  present  measurements 
of  higher  order  moments  are  in  close  agreement  with 
data  presented  by  Gupta  and  Kaplan  (1972)  but  differ 
slightly  from  those  of  Kreplin  and  Eckelmann  (1979) 
and  even  more  from  those  of  Kutadeladze  and  Khabakh- 
pasheve  (1978) .  In  the  region  where  the  leg  law  mean 
velocity  profile  holds,  all  the  data  show  that  the  skew¬ 
ness  and  flatness  factors  are  only  slightly  different 
to  those  of  Gaussian  velocity  probability  density 
distributions  for  both  high  and  low  Reyrolds  number 
flows. 

The  difference  in  the  flow  structure  of  low  and  high 
Reynolds  number  boundary  layers  is  illustrated  by  the 
differences  in  the  skewness  distribution  S  .  according 
to  Kline  (1967)  this  quantity  is  connected  &  the  width 
of  the  streak  filaments  which  are  procbced  close  to  the 
well  and  slowly  lift  up,  and  Oscillate  and  finally  break 
up  forming  the  second  stage  of  the  so-called  bursting 
process.  Far  low  Reynolds  number  flows,  it  is  well  known, 
see  Kline  et  al.  (1967) ,  that  the  most  probable  location 
of  this  violent  break-up  process  is  located  around  the 
region  of  maximum  turbulence  intensity,  e.g.  at  y*  »  15. 
For  the  low  Reynolds  numbers  the  present  data  show  that 
y+  -  15  the  skewness  factor  changes  sign,  the  flatness 
factor  distribution  shews  a  minimum,  and  the  skewness 
factor  of  the  normal  velocity  ccrpcrent  reaches  its 
maximum  positive  value.  Fig. 8  shows  that  for  high  Rey¬ 
nolds  numbers  the  skewness  Sv  is  not  changing  signs 
throughout  the  entire  buffer  region.  Whether  this  finding 
is  an  indication  that  the  intermittent,  coherent  flow 
structures,  well  documented  far  boundary  layer  flows  at 
lew  Reynolds  numbers,  e.g.  see  Willmarth  (1977) ,  have 
disappeared,  cannot  be  deduced  frcri  these  data  but 
changes  in  the  structure  of  the  flow  are  likely  to 
occur. 


The  authors  have  also  carried  out  measurements  of  shear 
stress  distribution  and  other  properties  of  the 
boundary  layers  they  investigated.  These  are  given  by 
Andreopoulos  et  al.  (1983) . 


3.2  (lend  it  tonal  Averaged  Flow  Properties 

A  considerable  amount  of  experimental  work  has  become 
available  on  coherent  structures  in  the  close  wall 
region  of  turbulent  boundary  layer  flews.  Qualitative 
information  resulted  from  various  visualization  investi¬ 
gations,  e.g.  see  Kline  et  al.  (1967) ,  and  more  quanti¬ 
tative  results  from  conditionally  sampled  studies,  e.g. 
see  Blackwelder  and  Kaplan  (1976) ,  Wallace  et  al.  (1977) 
and  Zaric  ( 1974) .  Although  these  studies  have  been  con¬ 
cerned  with  low  Reynolds  number  boundary  layers  and 
have  utilized  similar  experimental  and  data  acquisition 
techniques,  they  have  resulted  in  partially  contradic¬ 
ting  results  as  far  as  the  properties  of  coherent 
structures  in  the  immediate  wall  vicinity  are  concerned. 
This  can  be  attributed  to  the  experimental  difficulties 
that  exist  to  obtain  reliable  data  in  this  flow  region. 
Nevertheless,  existing  results  are  sufficiently  con¬ 
sistent  to  give  a  clear  physical  description  of  the 
basic  mechanisms  of  turbulence  self-maintenance  in  the 
the  near  well  region  of  a  turbulent  boundary  layer. 
Information  that  is  missing  relates  to  structual  changes 
with  Reynolds  number. 

There  have  bean  a  number  of  different  proposals  to  de¬ 
tect  the  occurance  of  coherent  structures  in  the 
vicinity  at  the  vmll  of  a  turbulent  boundary  layer,  e.g. 
see  Kovesznay  (1978) .  The  authors  decided  to  employ 
for  their  work  the  widely  accepted,  well  documented  de¬ 
tection  technique  of  Blackwelder  and  Kaplan  (1976) 
which  utilises  the  amplitude  of  the  short  time  averaged, 
local  streetwise  fluctuating  velocity: 


Fig.  7:  Distributions  of  skewness  factor  of  the  longi¬ 
tudinal  velocity  fluctuations.  Symbols  as  in 
figure  5 


Fig.  8:  Distribution  of  skewness  factor  of  the  cross 
flew  velocity  fluctuations  in  the  near 
region.  Symbols:  o,  Kutateladze  et  al.  (1978); 

■>  Kreplin  et  al. (1979) •  x,  Gupta  et  al.  (1972) ; 
•,  present  measurements  R  =  3624 


fT/  2 

J  u(t)  at 
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which  generates  the  intexmittency  function  characteri¬ 
zing  the  occurance  of  flow  structures.  The  "function" 
produces  a  logical  one  whenever  the  variants  of  the 
above  digitally  filtered  signal,  e.g.  exceeds  a  value 
K  ui;  where  K  is  the  so-called  threshold  parameter 
and  uTT  the  rms-value  of  the  longitudinal  velocity 
fluctuation.  Although  this  detection  scheme  has  two 
independent  arbitrary  parameters,  the  integration 
time  T  and  the  threshold  level  K,  Blackwelder 
and  Kaplan  (1976)  have  shown  that  their  detected  co¬ 
herent  fl<w  events  are  only  a  weak  function  of  T 
and  their  channel  shapes  turned  out  to  be  independent 
of  the  threshold  parameter  K.  Follcwing  their  findings, 
the  parameter  T  and  K  given  in  Table  2  were  chosen 
for  the  conditional  sampling  analysis  carried  out  by 
the  authors. 


Re 

U 

mjs 

T+ 

K 

6.33 

3624 

0.25 

10 

1.20 

10.89 

5535 

0.41 

11.21 

1.05 

22.61 

12436 

0.81 

13.12 

1.00 

28.79 

15406 

0.99 

13.07 

1 .04 

Table  2:  Integration  time  and  threshold  values  used  in 
the  conditional  sanpling  techniques 


Utilizing  the  detection  schemes  characterized  in 
Table  2,  the  authors  obtained  conditionally  averaged 
mean  velocity  values.  These  are  presented  by  Andreo- 
pculos  et  al.  (1983) .  In  this  section,  only  the  data 
obtained  for  the  distribution  of  the  mean  bursting 
interval  are  reported.  These  data  are  shown  in  Fig.  9 
vbere  non-dimensional  values  are  normalized 
with  inner  layer  variables.  The  data 
show  that  the  most  probable  location  of  the  detected 
organized  structures  in  the  buffer  region  i.e.  in  the 
region  5  i  y  £50,  where  the  normalized  averaged 
bursting  interval  reaches  its  minimum  value.  However, 
a  comparison  of  the  data  for  different  Reynolds  numbers 
does  not  suggest  scaling  with  wall  variables  to  be 
appropriate.  It  is  worth  noting  that  the  data  in 
Fig.  9  are  already  corrected  for  the  probe  size  in¬ 
fluence  utilizing  a  correction  reported  by  Blackwelder 
and  Haritonidis  (1981).  Applying  probes  with  small 
non-dimensional  sensor  length,  Blackwelder  and  Harito¬ 
nidis  found  that  the  bursting  interval  scaled  with 
inner  rather  than  outer  flow  variables.  Employ ing  their 
suggested  correction  for  the  wire  length  influence, 


If  the  accurate  determination  of  the  interval  bursting 
depends  on  the  threshold  values  k,  integration  time  T 
and  on  the  spanwise  length  of  the  probe,  the  shape 
of  the  structures  seems  to  be  quite  independent  of 
all  these  factors. 

The  influence  of  Reynolds  numbers  on  the  shape  of  the 
flow  structure  is  most  pronounced  in  the  buffer  layer 
and  the  log  law  region.  This  is  seen  from  Figs.  10  and 
11  which  reveal  that  the  high  speed  inrush  of  fast 
fluid  gains  in  intensity  vAien  compared  with  the  in¬ 
jection  phase,  as  the  Reynolds  number  increases.  Con¬ 
sidering  that  the  skewness  factor  S  is  related  to  the 
difference  between  the  magnitude  ofuthe  maximum  and 
minimum  value  of  the  velocity  inside  the  detected 
patterns,  see  Chen  (1974),  the  results  in  Figs.  10  and 
n  cure  in  agreement  with  the  measurements  of  the 
skewness  factor  of  the  longitudinal  velocity  fluctua¬ 
tions. 

The  detection  scheme  of  Blackwelder  and  Kaplan  (1976) 
was  also  applied  to  the  three  wire  probes  which  the 
authors  applied  to  obtain  close  wall  information. 

Figs.  11  and  12  show  the  flow  patterns  deduced  from 
the  longitudinal  and  cross  flow  velocity  fluctuations, 
respectively.  Fig.  13  presents  their  product  indicating 
which  part  of  the  pattern  contributes  to  the  production 
of  Reynolds  shear  stress.  The  figure  shows  that  the 
measured  contributions  are  very  similar  to  those 
reported  in  the  literature. 


RMSu  , 
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Fig.  9:  Distribution  of  non-dimensional  mean  bursting 
interval  normalized  with  inner  variables 


the  authors'  data  did  not  yield  a  unique  distribution 
for  all  Reynolds  numbers. 

It  must  be  pointed  out  that  sweeps  (u  >  o,  v  <  o)  have 
bean  observed  to  have  larger  spanwise  length  scales 
than  those  of  ejections  and  therefore  be  less  affected 
by  spatial  averaging.  Plotting  the  same  data  scaled 
with  outer  variables  did  not  result  in  a  single  distri¬ 
bution.  Many  other  investigators  suggest  as  possible 
time  scale  the  geometrical  mean  between  the  cuter  and 
inner  scales,  i.e.  fy/u2  9^  ]Xj2 

Alfredsscn  and  Johansson  (1982)  argued  that  this  mixed 
scale  is  an  estimate  of  the  time  scale  of  snail  eddies. 
However,  this  time  scale  vhich  is  found  by  Afzal 
(1982,  1973)  to  be  a  scale  for  the  overlapping  region 
beta  man  the  inner  and  the  intermediate  layer  in  a 
boundary  layer,  found  to  work  no  better  than  the  inner 
or  outer  scalings.  The  main  point  of  the  results 
plotted  in  Fig. 9  is  the  enormous  variation  of  the 
bursting  time  intervals  across  the  boundary  layer  which 
partly  explains  the  extremely  large  scatter  in  the 
results  of  various  investigations  which  have  been  put 
together  and  reviewed  by  Hlrata  et  al.  (1982) .  It  is 
also  interesting  to  mention  that  the  present  scheme 
does  not  discriminate  further  the  events  to  steeps  or 
ejections.  Close  to  the  wall  v4iere  no  sweeps  are 
present,  the  results  reasonably  agree  with  those  ob¬ 
tained  by  other  investigators  and  are  only  weakly  de¬ 
pendent  on  y  .  Further  out,  ejections  and  sweeps  are 
present  and  the  time  interval  increases  and  drops 
again  at  the  edge  of  the  buffer  region. 
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Fig.  10:  Conditionally  averaged  fluid  patterns  of  inter 
mittent  events  near  the  wall,  Ra  *  3624 
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Fig.  10:  Conditionally  averaged  fluid  patterns  of  inter 
mittent  events  near  the  wall,  Ra  *  15406 
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Fig.  11:  "Shapes"  of  conditionally  averaged  fluid 
patterns  obtained  with  three-wire  probe 
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Fig.  12:  "Shapes”  of  conditionally  averaged  fluid 
patterns  obtained  with  three-wire  probe 
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Fig.  13:  "Shapes”  of  conditionally  averaged  fluid 
patterns  obtained  with  three -wire  probe 


4.  CCNCLUSICNS  AND  FINAL  REMARKS 

The  near  vail  region  of  a  zero  pressure  gradient  tur¬ 
bulent  boundary  layer  has  been  investigated  and  found 
that  the  correlations  of  the  turbulent  velocity 
fluctuations  depend  on  Reynolds  nurrbers  up  to  approxi¬ 
mately  RgSIO”.  Beycnd  this  value,  the  rms-value  'of 
the  longitudinal  velocity  fluctuations  approached  a 
level  vfere  the  Reynolds  number  deperderce  becomes 
negligible. 

Based  cn  the  detection  scheme  proposed  by  Gupta  and 
Kaplan  (1972) ,  conditionally  sampled  measurements  have 
been  carried  out  which  have  yielded  information  on 
flew  features  that  are  usually  referred  to  as  flow 
structures.  These  remained  present  up  to  the  highest 
investigated  Reynolds  number.  Although  the  shapes  of 
the  averaged  structures  change  with  Reynolds  number 
when  scaled  with  outer  variables ,  the  major  features 
of  the  conditionally  averaged  signals  remain.  These 
reflect  the  well-kncxm  inrush  and  ejection  of  the 
bursting  cycle.  The  simultaneous  measurements  of  the 
u’  and  v'  components  have  also  permitted  to  quantify 
the  contributions  of  the  ejections  and  inrushes  to  the 
production  of  the  Reynolds  stresses  down  to  y  *  2.7. 

For  a  long  time  it  has  been  debated  whether  the  mean 
time  between  bursts  (or  events)  scales  with  inner  or 
outer  variables.  All  definitions  of  the  mean  time  bet¬ 
ween  events  contain  a  good  deal  of  subjectivity. 

Scaling  this  mean  time  interval  with  inner  and  cuter 
variables  and  plotting  these  data  as  a  function  of  y* 
has  not  yielded  the  expected  independence  of  the  dis¬ 
tributions  from  Reynolds  number.  Although  existing 
knowledge  on  boundary  layer  flows  suggests  that  this 
quantity  should  scale  with  inner  variables,  the  present 
data  could  not  confirm- this.  They  indicate,  however, 
that  regard  less  the  scaling  the  mean  time  between 
events  varies  across  the  boundary  layer.  It  seems  plau¬ 
sible  that  this  tine  interval  should  be  further  dis¬ 
tinguished  as  the  time  between  similar  events  i.e. 
between  inrushing  events  or  ejections  and  not  generally 
cn  the  time  between  events. 
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ABSTRACT 

The  k- e-model  and  a  one-equation  mod¬ 
el  have  been  used  to  predict  adverse  pres¬ 
sure  gradient  boundary  layers.  While  the 
one-equation  model  gives  generally  good 
results,  the  k-e-model  reveals  systematic 
discrepancies,  e.g.  too  high  skin  friction 
co  efficients,  for  these  relatively  simple 
flows.  These  shortcomings  are  examined  and 
it  is  shown  by  an  analytical  analysis  for 
the  log-law  region  that  the  generation 
term  of  the  e -equation  has  to  be  in¬ 
creased  to  conform  with  experimental  evi¬ 
dence  under  adverse  pressure  gradient  con¬ 
ditions.  A  corresponding  modification  of 
the  e -equation  was  employed  in  the  present 
investigation  and  resulted  in  improved 
predictions.  However,  for  strongly  decele¬ 
rated  flows  additional  tuning  of  the  em¬ 
pirical  constants  was  necessary  to  obtain 
satisfactory  predictions. 


INTRODUCTION 

One  of  the  conclusions  of  the  1980-81 
AFOSR-HTTM-Stanford  Conference  on  Complex 
Turbulent  Flows  was  that  the  effects  of 
adverse  pressure  gradients  on  shear  layers 
were  not  predicted  very  well  by  most  tur¬ 
bulence  models.  This  conclusion  applies 
not  only  to  the  simple  mixing-length  ap¬ 
proach,  but  especially  to  the  two-equation 
and  Reynolds-stress-equat ion  models,  em¬ 
ploying  a  transport  equation  for  a  charac¬ 
teristic  turbulence  length  scale.  Indeed 
it  is  vexing  to  see  the  now  widely  used 
k-c -turbulence  model  to  be  seriously  in 
error  for  relatively  simple  adverse  pres¬ 
sure  gradient  equilibrium  boundary  layers 
The  differences  between  this  model  and 
existing  data  manifest  themselves  mainly 
in  consistently  overpredicted  3kin  fric¬ 
tion  values  and  a  tendency  of  the  calcu¬ 
lated  flow  to  remain  attached  where  ex¬ 
periments  indicate  already  separation.  The 
poor  predictions  can  be  traced  to  the  fact 
that  the  length  scale  determined  by  the 
c  -equation  rises  steeper  near  the  wall 
than  in  the  case  of  zero  pressure 
gradient,  while  experimental  data  suggest 
that  the  lenght-scale  gradient  is 
virtually  independent  of  the  pressure 


gradient  over  a  wide  range.  For  this 
reason,  one-equation  models  using  an 
empirical  length-scale  specification  yield 
much  better  predictions  for  adverse 
pressure  gradient  boundary  layers  than 
does  the  k-e-model. 

Adverse  pressure  gradient  shear  lay¬ 
ers  are  of  great  practical  interest,  as 
they  occur  on  aerofoils,  turbomachinery 
blading  or  in  diffusers.  The  Evaluation 
Committee  of  the  Stanford  Conference  sug¬ 
gested  therefore  that  special  attention  be 
focussed  on  acquiring  a  higher  predictive 
ability  for  these  flows.  In  particular,  it 
would  be  desirable  to  improve  the  accuracy 
of  the  k-e-model  which  has  been  found  to 
work  well  in  a  large  variety  of  other  flow 
situations.  The  purpose  of  the  present  pa¬ 
per  is  to  trace  in  detail  the  reasons  for 
the  poor  performance  of  the  k-e-model  when 
applied  to  decelerated  boundary  layers 
and,  based  upon  this  knowledge,  to  modify 
the  model  such  that  it  leads  to  improved 
predictions  for  these  flows. 

A  few  suggestions  for  modifying  the 
k-e-model  have  been  published,  which  aimed 
at  the  e  -equation.  Hanjalic  and  Launder 
(1980)  pointed  out  the  special  role  that 
irrotational  straining  plays  in  the  spec¬ 
tral  transport  from  the  large,  energy-con¬ 
taining  to  the  small  dissipating  eddies. 
The  generation  term  in  the  modelled 
e -equation  involves  in  its  most  general 
form  both  rotational  and  irrotational 
strain  rates.  In  order  to  bring  the 
irrotational  part  into  prominence, 
Hanjalic  and  Launder  (1980)  multiplied 
this  term  by  a  larger  empirical 
coefficient  than  the  rotational  term.  For 
decelerated  flows,  the  modification  gives 
rise  to  larger  e -values,  thereby  reducing 
the  length  scale  and  also  the  shear  stress 
-puv.  This  model  has  been  used  in  the 
present  investigation.  It  will  be  shown  to 
yield  a  remarkable  improvement  for 
moderate  pressure  gradients  but  to  fail 
for  strong  decelerations. 


Another  modification  suggested  by 
Hanjalic  and  Launder  (see  Launder,  1982) 
is  to  replace  the  constant  in  the  dif¬ 
fusion  term  of  the  e -equation  by  a  func¬ 
tion  of  the  ratio  of  production  to  dissi- 


pation  of  kinetic  energy.  According  to 
Launder  (1982),  however,  this  modification 
improves  the  model  calculations  only  to  a 
minor  extent.  Launder  (1982)  further  sug¬ 
gested  to  limit  the  growth  of  L  by  simply 
increasing  the  computed  values  of  £  to 
yield  L  «  2.5y  whenever  the  computed 
values  give  rise  to  larger  length  scales. 
This  suggestion  is  certainly  a  rather 
crude  measure  that  is  not  really  con¬ 
sistent  with  the  concept  of  a  two-equation 
model.  In  summary,  none  of  the  model  ex¬ 
tensions  suggested  is  satisfactory,  and 
the  basic  failure  of  the  k-e-model  to 
yield  the  observed  universal  near-wall 
length  scale  gradient  also  under  adverse 
pressure-gradient  conditions  still  lacks 
an  explanation. 


where  k  is  the  turbulent  kinetic  energy,  t 
is  its  dissipation  rate  and  c  is  an  em¬ 
pirical  constant.  The  local  Values  of  k 
and  e  are  determined  from  transport  equa¬ 
tions,  which  read 
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The  term  P,  is  the  production  rate  of  k 
and  is  givenKby 
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In  the  present  paper,  the  short¬ 
comings  of  the  k-£-model  in  adverse  pres¬ 
sure-gradient  situations  are  investigated 
systematically.  First,  calculations  with 
the  one  equation  turbulence  model  proposed 
by  Norris  and  Reynolds  (1975)  and  the  low- 
Reynolds-number  version  of  the  k-e-model 
of  Lam  and  Bremhorst  (1981)  are  compared 
for  two  equilibrium  adverse  pressure-gra¬ 
dient  boundary  layers.  While  the  one-equa¬ 
tion  model  yielded  good  overall  agreement 
with  the  data,  the  k-£-model  reveals  the 
known  discrepancies.  In  order  to  trace  the 
reasons  for  these  an  analytical  analysis 
was  carried  out  for  the  log-law  region 
which  shows  that  the  set  of  empirical 
coefficients  in  the  E-equation,  which  have 
been  determined  by  reference  to  zero  pres¬ 
sure  gradient  boundary  layers,  are  not 
compatible  with  the  experimental  observa¬ 
tions  in  decelerated  flows.  Finally,  an 
improved  model  is  suggested  and  applied 
that  uses  Hanjalic  and  Launder's  (1980) 
modified  e-equation  in  connection  with  an 
algebraic  stress  model. 


MATHEMATICAL  MODELS 


The  second  (underlined)  term  in  equation 
(4)  which  involves  the  irrotational  strain 
rate  3  0/3  x  is  neglected  in  the  models  in¬ 
troduced  here  but  will  be  needed  when  an 
improved  model  is  suggested  below.  For  the 
empirical  constants  the  values  {  c  ,  c  . , 
C  ,  a  ,  oE}  ■{  .09,  1.44  ,  1.92,  it1,  l*i} 
gitfen  Tor  instance  by  Rodi  (1980)  have 
been  adopted.  As  near-wall  boundary  condi¬ 
tions  values  of  k  and  e  at  the  first  grid 
node  are  related  to  the  wall  shear  stress 
by  assuming  local  equilibrium  in  the  k- 
equation,  see  Launder  and  Spalding 
(1974). 


The  Low-Reynolds-Number  k-£-Model  (LB) 

The  low-Reynolds-number  version  re¬ 
solves  the  flow  field  down  to  the  wall  and 
hence  accounts  directly  for  viscous  ef¬ 
fects.  To  this  end  the  empirical  constants 
c  ,  c&, ,  and  cz2  are  multiplied  by  func¬ 
tions  £  ,  f .  ,  f -  which  involve  the  molecu¬ 
lar  viscosity.  The  exact  formulae  may  be 
found  in  Rodi  et  al  (1982)  and  are  not  re¬ 
peated  here. 


The  mathematical  models  used  in  the  pres¬ 
ent  investigation  employ  the  usual  con¬ 
tinuity  and  momentum  equation  for  two-di¬ 
mensional  shear  layers  (see  e.g.  Patel  et 
al,  1983)  together  with  a  turbulence  mod¬ 
el.  Calculations  have  been  carried  out 
with  the  following  turbulence  models:  the 
standard-k-£-model  (Launder  and  Spalding, 
1974),  the  low-Reynolds-number  version  of 
the  k-e-model  by  Lam  and  Bremhorst  (1981), 
denoted  LB,  and  the  one-equation-model 
given  by  Norris  and  Reynolds  (1975)  and 
denoted  NR.  With  the  standard  k-s-model 
the  viscous  near  wall  zone  was  bridged  by 
wall-functions,  see  Launder  and  Spalding 
(1974),  where  the  velocity  at  the  first 
grid  node  is  linked  to  the  wall  shear 
stress  by  the  logarithmic  law  of  the  wall. 
For  the  LB-  and  NR-model  calculations,  the 
no-slip-condition  was  employed  at  the 
wall.  In  the  freestream,  the  variation  of 
the  external  velocity  inferred  from  data 
served  as  boundary  condition. 


The  Standard-k-E-Model 


The  k-£-model  calculates  the  shear 
stress  with  the  eddy  viscosity  hypothesis 
in  the  following  way: 
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The  One-Equation-Model  (NR) 


In  the  one-equation-model  of  Norris 
and  Reynolds  (1975)  the  eddy  viscosity 
concept  (eqn.  1)  is  used  as  well,  however 
with  a  different  function  f  .  This  model 
calculates  only  the  turbulent  kinetic 
energy  k  from  a  transport  equation,  where¬ 
as  the  dissipation  rate  is  now  obtained 
from 
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where  L  is  prescribed  algebraically  in  the 
form  of  a  ramp  distribution  like  in  the 
mixing-length  approach 


L  =  cD  min  { <y, X  4}  ( 6 ) 

and  a  is  the  boundary  layer  thickness. 
The  empirical  constants  c  ,  c  ,  cc,x,  X 
have  the  values  .084,  .1^6,  13.2,  .41, 
.085.  It  should  be  noted  that  the  same 
transport  equation  for  k  is  used  as  in  the 
LB-two-equat ion  model.  In  all  cases  the 
resulting  set  of  equations  is  solved  with 
an  adapted  version  of  the  GENMIX-code  de¬ 
scribed  by  Spalding  (1977).  Computational 
details  may  be  found  in  Rodi  et  al 
(1982) . 
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RESULTS  AND  DISCUSSION 


Comparison  of  NR-  and  LB-Predietions 


In  this  section  the  results  obtained 
with  the  LB-model  and  the  NR-model  are 
compared  for  two  experimental  situations 
investigated  by  Andersen  et  al  (1972).  The 
first  relates  to  a  zero  pressure  gradient 
(ZPG)  boundary  layer  and  the  second  to  an 
equilibrium  adverse  pressure  gradient 
(APG)  boundary  layer.  In  these  experi¬ 
ments,  the  freestream  yelbcity  was  varied 
according  to  the  U  -  xm  and  the  test  con¬ 
ditions  refer  to  me«  0.0  and  m  »  -0.20.  At 
x  ■  2.08  m,  where  the  bulk  of  the  compari¬ 
son  with  the  calculations  was  made,  momen- 
tum-thickness-Reynolds  numbers  of  2900  and 
4100  were  achieved,  so  that  viscous  ef¬ 
fects  were  negligible  to  first  order. 

Fig.  1  shows  the  computed  skin  fric¬ 
tion  coefficients  c.  *  2x  /pU>. 
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1 :  Comparison  of  model  predictions 
and  experimental  c. -values;  .data: 
o  m  »  0.0,  •  m  ■  -0.20;  predic- 


t  ions:  ■  LB  ,* 

k- e-model 


-NR,  x  standard 


In  the  ZPG-case  the  LB-  and  NR-model 
produce  almost  identical  c. -values  which 
are  in  excellent  agreement  with  the  data, 
at  least  for  x  >  1.5  m.  while  the  NR-model 
simulates  the  influence  of  the  adverse 
pressure  gradient  on  c,  satisfactorily, 
the  LB-model  yields  markedly  too  high  c-- 
values  for  this  case.  At  the  last  measure¬ 
ment  station  the  differences  amount  to 
40%,  which  is  clearly  unacceptable  for 
boundary  layer  calculations.  To  shed  some 
light  on  this  behaviour  Fig.  2  compares 
the  computed  velocity  profiles  with  the 
data  at  x  «  2.08  m.  The  NR-model  gives  an 


Fig.  2:  Mean  velocity  profiles  at  x  «  2.08 
m;  key  as  for  Fig.  1 

excellent  representation  of  the  velocity 
distribution  for  both,  the  ZPG  and  APG 
case.  For  the  ZPG-case  the  LB-model  over¬ 
predicts  the  velocities  somewhat  especial¬ 
ly  in  the  near  wall  region  (y*»yU  /v< 1000 ) 


somewhat,  but  still  gives  the  correct  cf- 
values.  For  the  APG  condition  the  dis¬ 
crepancies  become  more  severe:  the  k-e -mo¬ 
del  predictions  do  not  respond  sufficient¬ 
ly  to  the  deceleration  in  the  viscous  near 
wall  zone  and  display  too  rapid  an  in¬ 
crease  of  the  velocity,  which  is  almost  as 
strong  as  for  the  ZPG-flow.  This  increase 
in  the  near-wall  region  leads  to  an  over¬ 
prediction  of  the  velocity  in  the  log-law 
and  outer  part  of  the  boundary  layer. 

The  corresponding  shear  stress  dis¬ 
tributions  are  presented  in  Fig.  3  which 
shows  clearly  that  the  poor  performance  of 
the  k-e -model  is  caused  by  an  overpredic¬ 
tion  of  the  shear  stress.  While  both  tur- 


Fiq.  3:  Shear  stress  profiles  at  x  »  2.08 
ra;  key  as  for  Fig.  1. 

bulence  models  yield  shear  stress  profiles 
in  very  good  agreement  with  the  data  for 
the  ZPG-flow,  differences  become  apparent 
for  the  decelerated  flow.  Again  it  is  the 
one-equation  model  which  gives  a  very  good 
representation  of  the  shear  stress  distri¬ 
bution  near  the  wall  and  overpredicts  the 
shear-stress  peak  in  the  outer  zone  only 
slightly.  The  discrepancies  displayed  by 
the  two-equation  model  are  more  important: 
this  shows  virtually  no  response  to  the 
pressure  gradient  in  the  immediate  vicini¬ 
ty  of  the  wall  (y* <  1000)  and  produces  a 
steep  increase  of  the  shear  stress.  Accor¬ 
dingly,  the  measured  data  are  considerably 
overpredicted  in  this  region  and  the  high 
level  is  maintained  further  outwards  in 
the  boundary  layer.  However,  the  predicted 
slope  3uv/3y  (which  in  fact  enters  the  mo¬ 
mentum  equation)  is  similar  to  the  measur¬ 
ed  one.  Fig.  3  also  shows  uv  according  to 
equation  (7) 


—  -  Ky  - 


which  may  be  derived  from  the  momentum 
equation  upon  neglect  of  the  convective 
terms.  The  acceleration  parameter  K  is  de¬ 
fined  as  K  »  vdU  /dx/U».  Relation  (7)  can 
be  seen  to  provid?  a  fafr  approximation  to 
the  data  in  the  log-law  region. 

According  to  equation  (1)  the  shear 
stress  -  d uv  in  the  k-e-model  is  calculat¬ 
ed  from  the  turbulent  kinetic  energy  k, 
its  dissipation  rate  e  and  the  local  velo¬ 
city  gradient  3U/3y;  it  is  therefore  in¬ 
teresting  to  see  how  these  quantities  are 
influenced  by  the  pressure  gradient.  The 
non-dimensionalized  velocity  gradient  is 
plotted  in  Fig.  4.  At  the  wall  this  quan- 
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4:  Velocity  gradients  at  x  *  2.08  m; 
key  as  for  Fig.  1. 


tity  reduces  to  c,/2  and  the  c  -behaviour 
is  therefore  reflected  directly  in  the 
near  wall  zone,  i.e.  the  one-equation  mod¬ 
el  shows  a  stronger  response  to  the  dece¬ 
leration.  Further  away  from  the  wall  the 
computed  and  also  the  measured  gradients 
become  similar  in  magnitude  for  both  ZPG 
and  APG  cases  and  reveal  the  typical  y 
behaviour.  It  is  important  to  note  that, 
except  very  close  to  the  wall  the  gradi¬ 
ents  predicted  with  the  k-e-model  are 
smaller  than  those  obtained  with  the  NR- 
model  so  that  they  cannot  be  responsible 
for  the  overprediction  of  the  shear 
stress. 

The  predicted  profiles  of  the  turbu¬ 
lent  kinetic  energy  k  are  compared  with 
the  data  in  Fig.  5.  The  distributions  for 


Fig.  5:  Turbulent  kinetic  energy  at  x  » 
1.78  m;  key  as  for  Fig.  1. 

ZPG-flow  are  discussed  first.  The  calcula¬ 
tions  with  the  LB-  and  NR-model  agree  only 
in  the  log-law  and  outer  part  (y*  >  3000) 
of  the  boundary  layer  and  reproduce  the 
data  quite  well  in  this  region.  Near  the 
wall,  however,  the  computed  profiles  dif¬ 
fer  considerably.  Due  to  probe  limitations 
there  are  unfortunately  no  measurements 
available  in  this  region.  The  calculations 
presented  by  Patel  et  al  (1983)  show  how¬ 
ever,  that  the  L8-model  predictions  fit 
very  well  existing  data  in  the  peak-region 
(y*  500)  while  the  one-equation  model 
gives  clearly  too  low  k-values.  Therefore, 
the  two-equation  model  mimics  reality  bet¬ 
ter  for  the  ZPG-flow.  When  an  adverse 
pressure  gradient  is  applied,  this  model 
produces  an  almost  identical  near  wall  in¬ 
crease  and  displays  a  reaction  only  beyond 


y*  »  800.  On  the  other  hand,  the  NR-one- 
equation  model  yields  a  distinctly  diffe¬ 
rent  behaviour  for  the  two  pressure  gra¬ 
dient  conditions  insofar  as  it  gives  a 
much  slower  rise  in  the  vicinity  of  the 
wall  for  the  APG-case.  In  the  log-law  re¬ 
gion  the  existing  data  are  better  fitted 
by  the  k-E-model,  while  in  the  outer  zone 
both  models  produce  similar  k-distribu- 
tions  in  good  agreement  with  the  data.  It 
appears  therefore  that  the  main  differen¬ 
ces  between  the  two  models  and  also  dis¬ 
crepancies  with  the  data  originate  from 
the  region  very  close  to  the  wall 
(y*  1000).  The  fact  that  the  NR-model 
predicts  a  reduction  of  k  in  this  region 
under  the  influence  of  an  adverse  pressure 
gradient,  while  the  LB-model  does  not,  can 
be  explained  by  the  relative  change  of 
production  of  k,  P,  ,  and  dissipation  e  . 
Figs.  6  and  8  below,  will  show  that  in  the 
NR-calculations,  P,  is  reduced  more  than  £ 
by  the  deceleration  while  both  are  reduced 
by  approximately  the  same  amount  in  the 
LB-calculat ions . 

The  third  quantity  that  determines 
the  shear  stress  in  the  k-e-model  is  the 
dissipation  rate  e  .  Its  variation  with 
wall  distance  is  depicted  in  Fig.  6.  The 


Fig.  6:  Dissipation  rate  of  turbulent  ki¬ 
netic  energy  at  x  *  1.78  m,  key  as 
for  Fig.  1. 

first  feature  to  notice  is  that  for  the 
ZPG-case  the  LB-  and  NR-models  yield  sim¬ 
ilar  shapes  but  substantially  different 
peak-values  for  the  e -profiles.  It  has 
been  demonstrated  by  Patel  et  al  (1983) 
that  it  is  again  the  two-equation  model 
that  simulates  existing  data  better.  In 
the  log-law  region,  both  curves  behave  si¬ 
milar.  For  the  decelerated  flow  both  mod¬ 
els  yield  a  reduction  in  e  .  It  may  seem 
somewhat  surprising  that  this  reduction  is 
much  stronger  in  the  case  of  the  one-equa¬ 
tion  model  as  one  might  expect  that  this 
would  lead  to  an  increase  of  the  shear 
stress  (according  to  eqn.  (1)),  which  is 
not  the  case  (see  Fig.  3).  In  fact  uv  ac¬ 
tually  decreases  because  the  fall  in  £  is 
more  than  offset  by  the  parallel  decrease 
of  k  shown  in  Fig.  5. 


A  more 
when  k  and 
length-scale 


instructive  picture  emerges 
£  are, combined  to  yield  the 
r  -  '•  '  /e,  whose  distribu¬ 


tion  is  plotted  in  Fig.  7.  For  the  one- 
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Fig.  7:  Turbulence  length  scales  at  x  » 
~  2.08  m;  key  as  for  Fig.  1. 


equation  model  the  near-wall  distribution 
is  prescribed  independently  of  the  pres¬ 
sure  gradient  and  is  given  by  eqn.  (6).  In 
the  most  important  near-wall  and  log- law 
regions  this  variation  is  reproduced  to  a 
good  approximation  by  the  k-e-model  for 
the  ZPG-case.  In  the  APG-case  a  steeper 
increase  of  the  length  scale  results, 
which  is  mainly  caused  by  the  fact  that 
too  high  k-levels  persist  near  the  wall. 

As  was  mentioned  already,  the  high  k- 
values  are  due  to  the  dissipation  rate  e 
being  too  small  relative  to  the  production 
Pfc  shown  in  Fig.  8,  and  this  may  be  traced 


Fig.  8:  Production  rates  of  turbulent 
kinetic  energy  k  at  x  1  2.08  m; 
key  as  for  Fig.  1. 

to  the  production  of  z  being  too  small. 
The  word  "relative"  is  very  important  here 
for,  as  can  be  seen  from  Fig.  6,  the  e- 
values  predicted  by  the  LB-model  are  ac¬ 
tually  larger  than  those  resulting  from 
the  NR-model  (for  the  APG-flow).  In  any 
case,  _an  increase  in  £  would  directly  re¬ 
duce  uv  and  L  via  eqn.  (1)  but  what  is 
much  more  important ,  would  reduce  also  k 
and  hence  again  uv  and  L.  Further,  accord¬ 
ing  to  eqn.  (4),  P.  would  decrease  which 
would  also  act  to  reduce  k  and  finally  uv. 
Due  to  the  strong  interlinkage  and  feed¬ 
back,  a  relatively  small  increase  in  the 
production  of  z  can  have  a  significant  ef¬ 
fect  on  the  predictions. 


Analysis 

The  results  presented  above  have 
clearly  demonstrated  that  the  poor  perfor¬ 
mance  of  the  k-e-model  under  APG-condi- 


tions  can  be  traced  to  *. ne  t-equation.  It 
will  now  be  shown  by  an  analytical  analy¬ 
sis  for  the  log-law  region  that  the  empi¬ 
rical  coefficients  used  in  this  equation 
are  not  really  compatible  with  experimen¬ 
tal  observations  in  decelerated  flows.  In 
order  that  the  k-e-model  is  consistent  for 
ZPG-flow  the  constants  in  the  e -equation 
must  satisfy  the  following  condition: 


c 


el 


(8) 


To  obtain  this  relation  from  the  e-equa¬ 
tion  (3)  the  following  assumptions  have 
been  invoked:  i)  the  convection  of  e  is 
negligible,  ii)  the  local  shear  stress  -uv 
is  approximately  equal  to  ui ,  iii)  the 
production  of  k  balances  "he  dissipation 
rate  and  iv)  the  logarithmic  law  of  the 
wall  applies.  A  corresponding  relation  is 
now  derived  for  APG-flows.  Assumption  i) 
is  kept,  while  the  shear  stress  is  now  ap¬ 
proximated  by  equation  (7)  which  involves 
an  explicit  dependence  on  the  pressure 
gradient.  Experiments  have  shown  that  the 
logarithmic  law  of  the  wall  prevails  even 
under  APG-condit ions ,  so  that  the  log-law 
is  retained  to  describe  the  variation  of 
U.  The  final  assumption  is  that  the  near¬ 
wall  length  scale  is  independent  of  the 
pressure  gradient  and  is  described  (as  in 
the  one-equation  model)  by 

L  “  “374  y  (9) 
C1 

For  c  «  0.09  and  <  «  0.41  this  yields  the 
experimentally  observed  variation  L«2.5y. 
When  these  conditions  are  inserted  into 
the  z -equation  and  k  is  eliminated  via  a 
structural  coefficient 
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independent  of  the  pressure  gradient  (as 
found  experimentally  by  Bradshaw,  1967) 
the  following  relation  results: 
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r 3  dP/dx  _  3  .  jdP/dXj 2  I 
L  2  -uv/y  4  -uv/y  J 
The  variation  of  the  shear  stress  -uv  in 
the  log-law  region  is  given  by  eqn  (7). 
From  this  it  can  be  seen  that  -uv/u^  rises 
(above  unity)  with  increasing  adverse 
pressure  gradient  so  that  cE.  also  has  to 
be  increased  in  order  that  trie  £ -equation 
be  consistent  with  experimental  observa¬ 
tions  entering  the  derivation  of  (10).  The 
bracketed  term  in  (10)  has  a  similar,  but 
smaller  effect  on  c£ . .  In  the  calculations 
presented  above,  c^,  as  determined  from 
the  ZPG-formula  (8)  was  used,  and  hence  it 
is  not  surprising  that  the  APG  observa¬ 
tions  were  not  recovered. 


Test  of  Model  Improvements 

From  the  preceding  two  subsections 
two  features  become  obvious:  The  first  is 
that  the  disagreement  with  the  data  for 
APG-flows  originates  mainly  from  the  vis¬ 
cous  near  wall  region.  Computations  were 
therefore  carried  out  also  with  the  stan¬ 
dard  k-e-model  in  which  this  region  is 
bridged  by  wall  functions.  The  second  fea¬ 
ture,  which  may  be  delineated  from  the 
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preceding  discussion  is  that  an  increase 
in  the  generation  rate  of  £  may  lead  to  a 
better  simulation  of  AFG-boundary  layers. 
As  the  direct  application  of  eqn.  (10)  did 
not  prove  successful  for  this  purpose, 
calculations  were  carried  out  with  the 
model  of  Hanjalic  and  Launder  (1980).  In 
this  model  the  irrotational  contribution 
to  the  production  P,  is  retained  (under¬ 
lined  term  in  eqn.  (4)),  but  in  the  e- 
equation  this  contribution  is  multiplied 
with  a  constant  c  ,  instead  of  c£.  multi¬ 
plying  the  rotational  part.  The  modified 
e-equation  reads 
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The  empirical  constant  c£-  was  given  the 
value  4.44.  For  decelerated  flows  both 


production  terms  are  positive  and  enhance 
the  values  of  k  and  e  respectively,  the 
latter  having  the  desired  effect.  Due  to 


the  relatively  large  value  of  c„  (com¬ 
pared  with  ce.  »  1.44),  the  modified  k-£- 
model  becomes  much  more  sensitive  to  dece¬ 


leration  than  the  standard  model.  As  the 


k-e-model  does  not  provide  values  of  uT 
and  v>  explicitly,  Hanjalic  and  Launder 
(1980)  suggested  to  relate  these  quanti¬ 
ties  empirically  to  the  turbulent  kinetic 
energy  via  (in'  -  v7)  «  0.33  k.  In 
the  present  investigation  a  more  refined 
approach  was  also  examined  in  which  u7  and 
v>  were  calculated  from  an  algebraic 
stress  model  (ASM).  In  the  ASM  the  convec¬ 
tive  and  diffusive  transport  of  u7  and  v7 
is  set  proportional  to  the  transport  of  k 
which  is  nothing  but  P.  -  e  •  With  this 
assumption  modelled  Reynolds-stress  equa¬ 
tions  were  simplified  to  algebraic  rela- 
tions  for  the  normal  stresses  u1  and  v* 


which  depend  on  the  ratio  P./e  and  the 
wall  distance.  The  actual  ASM-expressions 
are  given  in  Rodi  and  Scheuerer  (1982). 


The  three  models  just  described  were 
first  applied  to  the  moderately  decelerat¬ 
ed  flow  used  previously  as  test  case  (ex¬ 
periments  of  Andersen  et  al,  1972).  Rela¬ 
tive  to  the  LB-prediction  the  standard  k- 
e-model  gives  already  an  improved  predic¬ 
tion  of  c,  (see  Fig.  1).  This  is  achieved 
by  the  fact  that  at  least  at  one  point  in 
the  logarithmic  zone  (where  the  wall  func¬ 
tions  are  specified),  the  velocity  is 
forced  to  have  the  "correct"  value.  How¬ 
ever,  there  is  still  substantial  disagree¬ 
ment  with  the  data.  The  Han jalic-Launder- 
model  on  the  other  hand  yielded  very  good 
agreement  with  the  data  and  the  resulting 
c  -variation  coincides  with  the  NR-curve 
in  Fig.  1.  This  is  true  for  both  versions 
of  this  model,  i.e.  the  one  with  constant 
structural  coefficients  u’/k  and  v>/k  and 
the  other  one  involving  the  ASM  expres¬ 
sion. 


A  different  picture  evolved  for  a 
case  with  stronger  deceleration  (experi¬ 
ments  of  East  et  al,  1979),  in  which  the 
flow  was  on  the  verge  of  separation.  The 
c.-values  obtained  for  this  test  case  are 
d&picted  in  Fig.  9.  The  LB-model  produces 
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Fig.  9:  Skin  friction  coefficient  for  the 
experiments  by  East  et  al  (1979); 

data;  e;  predictions:  -  LB,——— 

NR,  ———standard  k— :  , 

Han jalic-Launder  model,  - — 

Han jalic-Launder  model  with  ASM. 

completely  unacceptable  cc-values  and  the 
standard  k-e-model  using'  wall  functions 
leads  to  only  minor  improvements.  An  ac¬ 
ceptable  overall  agreement  is  obtained 
with  the  NR-model.  It  is  surprising,  how¬ 
ever,  that  the  Han jalic-Launder-model, 
which  worked  satisfactorily  for  the 
Andersen-f low,  predicts  for  this  case  se¬ 
paration  shortly  after  the  start  of  the 
computation.  This  can  be  traced  to  the 
fact  that  for  highly  retarded  flows  velo¬ 
city  gradient  3U/3x  becomes  very  large  in 
the  outer  region  of  the  boundary  layer,  so 
that  too  much  e  is  produced  by  the  irrota¬ 
tional  term  in  the  equation.  The  high  £- 
values  created  in  this  way,  reduce  the 
shear  stress  so  much  that  the  flow  cannot 
remain  attached  and  displays  the  behaviour 
shown  in  Fig.  9.  The  use  of  the  ASM  gave 
only  a  slightly  better  prediction,  insofar 
as  the  point  of  separation  moved  further 
downstream.  This  is  related  to  the  feature 
that  the  difference  (uJ-V)  as  predicted 
by  the  ASM  approaches  zero  faster  than  k 
which  is  used  in  the  original  Hanjalic- 
Launder  model.  A  reasonable  simulation  of 
the  experimental  data  could  be  obtained 
only  when  the  value  of  the  empirical 
coefficient  c£,  was  reduced  to  2.5.  The 
curve  resulting i from  such  a  calculation  is 
shown  in  Fig.  9.  It  should  be  added  that 
this  change  in  c£-  had  only  negligible 
effect  on  the  predictions  for  the  experi¬ 
ment  of  Andersen  et  al  (1972). 


CONCLUSION 

The  present  investigation  allows  the 
following  conclusions.  The  k-e-turbulence 
model  gives  consistently  too  high  c,- 
values  when  applied  to  decelerated  boun¬ 
dary  layers.  It  was  shown  that  this  origi¬ 
nates  from  too  steep  an  increase  of  the 
turbulent  kinetic  energy  k  and  consequent¬ 
ly  the  shear  stress  -uv  near  the  wall. 
This  steep  increase  is  caused  by  e -values 
which  are  too  small  relative  to  the  pro¬ 
duction  rate  of  k  and  contribute  therefore 
directly  via  the  eddy  viscosity  relation 
and  indirectly  via  the  resulting  higher  k- 
values  to  the  described  behaviour.  An  ana¬ 
lytical  treatment  has  shown  that  an  en¬ 
hancement  of  the  E-generation  in  adverse 
pressure  gradient  situations  is  necessary 
in  order  to  correct  this  feature.  A  modi¬ 
fication  of  the  E-equation  to  this  effect, 
proposed  by  Hanjalic  and  Launder  (1980), 
was  employed  and  refined  by  combining  it 
with  an  algebraic  stress  model.  It  yielded 
good  predictions  for  moderately  decelerat- 


ed  flows.  However,  situations  with  strong 
adverse  pressure  gradients  could  only  be 
simulated  by  adjusting  one  empirical  con¬ 
stant  (ce.  »  2.5).  This  modified  two-equa¬ 
tion  model  yielded  good  results  for  the 
fairly  wide  range  of  deceleration  investi¬ 
gated.  Finally,  the  one-equation  model 
used  for  comparison  purposes  produced  ex¬ 
cellent  results  for  all  test  cases. 


Rodi,  W.  ,  Scheuerer,  G.,  1982,  Calcula¬ 
tion  of  Curved  Shear  Layers  with  Two-Equa¬ 
tion  Models  of  Turbulence",  Rept.  SFB 
80/T/211 ,  Univ.  Karlsruhe. 
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ABSTRACT 


APPARATUS  AND  EXPERIMENTAL  TECHNIQUES 


This  paper  presents  an  experimental  study  of  a  tur¬ 
bulent  boundary- layer/ shock-wave  interaction.  The  inter¬ 
action  was  generated  by  a  two-dimensional  compression 
corner,  and  the  flow  was  on  the  point  of  separating. 
Measurements  were  made  using  both  normal  and  Inclined 
hot  wires,  and  the  data  include  measurements  of  the  long¬ 
itudinal  mass-flow  fluctuation  intensity  and  the  mass- 
weighted  Reynolds  shear  stress. 

INTRODUCTION 

When  a  shock  wave  interacts  with  a  turbulent  boun¬ 
dary  layer,  the  boundary  layer  properties  experience  a 
sudden,  severe  perturbation.  The  resulting  distortion  of 
the  mean  flow  properties  has  been  clearly  documented,  and 
considerable  data  appear  to  be  available  (see,  for  in¬ 
stance  Fernholz  and  Finley,  1977) .  In  contrast,  direct 
measurements  of  the  turbulent  stresses  are  still  rather 
scarce  and  sometimes  of  dubious  quality  (see,  for  example 
Fernholz  and  Finley,  1981).  Nevertheless,  high  quality 
turbulence  measurements  In  a  wide  range  of  interactions 
are  urgently  required;  calculation  methods  for  shock¬ 
wave/boundary-layer  Interactions  have  generally  not  per¬ 
formed  well,  and  only  if  accurate  and  extensive  turbu¬ 
lence  data  become  available  will  better  turbulence  models 
be  developed. 

At  the  Gas  Dynamics  Laboratory  at  Princeton  Univer¬ 
sity,  we  hope  to  fulfill  partially  this  need  by  studying 
the  behaviour  of  turbulence  in  a  range  of  compression 
corner  flows.  The  corners  are  two-dimensional,  and  the 
flows  range  from  fully  attached  to  fully-separated.  The 
mean  flow  behaviour  was  extensively  documented  by  Settles 
(1975)  and  Settles  et  al  (1979),  and,  using  these  results, 
four  corner  angles  were  selected  for  detailed  turbulence 
measurements:  8°,  16°,  20°,  and  24°. 

In  the  current  contribution,  we  present  measurements 
in  the  16°  corner  interaction,  which,  at  a  freestream 
Mach  number  of  2.87  corresponds  to  incipient  separation 
(Settles  et  al,  1976).  The  measurements  were  made  using 
hot  wire  anemomatry,  and  both  normal  and  Inclined  wires 
were  used.  The  data  therefore  include  longitudinal  mass- 
flow  fluctuations  (ou) ' 4  as  well  as  measurements  of  the 
mass-weighted  Reynolds  shear  stress  (ou) 'v' .  To  gain 
further  Insight  into  the  turbulence  structure,  the  longi¬ 
tudinal  velocity  fluctuation  intensity,  u '•*,  and  the  cor¬ 
relation  u'v'  were  deduced  using  Morkovln's  "Strong 
Reynolds  Analogy." 

We  begin  by  describing  Che  apparatus  and  experimen¬ 
tal  conditions,  and  follow  this  with  a  presentation  and 
discussion  of  the  results.  A  summary  of  the  conclusions 
is  given  in  the  final  section. 

This  work  was  supported  by  NASA  Headquarters  under 
Grant  NACW-240,  monitored  by  Drs.  Clint  Brown  and  Gary 
Hicks. 


The  wind  tunnel 

The  experiment  was  performed  in  the  Princeton  Univer¬ 
sity  high  Reynolds  number  20  cm  x  20  cm  supersonic  blow¬ 
down  tunnel  (see  Fig.  1).  The  tunnel  was  operated  at  a 
stagnation  pressure  of  6.9  x  10^  N/m^,  the  wall  conditions 
were  near  adiabatic  and  the  freestream  rms  mass-flow  tur¬ 
bulence  level  was  about  IX.  The  upstream  boundary  layer 
developed  in  a  region  of  essentially  zero  pressure  gra¬ 
dient  along  the  tunnel  floor.  Immediately  prior  to  the 
interaction,  the  boundary  layer  thickness  was  about  28  mm 
and  the  Reynolds  number  based  on  the  momentum  thickness 
was  approximately  77,600  (see  Table  1). 

The  test  model 

The  test  model  was  a  two-dimensional  ramp  with  a 
corner  angle  of  16°.  The  width  was  15.24  cm,  and  side 
fences  were  installed  to  isolate  the  corner  flow  from  the 
tunnel  well  boundary  layers  (see  Fig.  1).  The  measure¬ 
ment  stations  are  shown  in  Fig.  2. 


Hot-wire  anemometrv 

A  DISA  55M  10  constant-temperature  anemometer  was 
used  for  the  turbulence  measurements.  In  an  effort  to 


improve  the  quality  of  these  measurements,  the  authors 
recently  undertook  a  critical  study  of  hot-wire  techniques 
in  supersonic  flows  (Smits  et  al,  1983  ,  and  Smits  and 
Muck,  1983)  which  resulted  in  a  substantial  improvement 
In  both  normal  and  inclined  wire  measurement  accuracy. 


The  probes  were  constructed  using  Sum  diameter  tung¬ 
sten  wire  with  an  active  length  of  0.8  t  1.0  mm,  and  they 
were  operated  at  overheats  of  1.0  1.3.  At  these  high 

overheat  ratios,  the  contribution  due  to  the  temperature 
fluctuations  was  small  and  it  was  therefore  neglected. 


For  the  incoming  boundary  layer  the  uncertainties  in 
(pu) '4/ (oU)2ref  were  -10X  to  +19X,  and  for  (pu) 'v' /(oU^)ref 


Figure  1.  Sketch  of  the  20  x  20  cm  high  Reynclds 

number  channel  and  test  model  installation. 


these  ware  -32%  to  >21%  (see  Salts  et  si,  1933,  and  Salts 
and  Muck,  1983) .  In  addition,  these  estimates  may  be 
used  as  an  indication  of  the  measurement  accuracy  down¬ 
stream  of  the  Interaction.  It  is  important  to  note,  how¬ 
ever,  that  the  results  are  only  reliable  where  the  local 
normal  Mach  number  exceeds  1.2  since  the  calibration  was 
not  extended  into  the  transonic  regime.  This  restriction 
applies  in  particular  to  the  inclined  wire  measurements, 
and  it  may  explain  why  the  Reynolds  shear  stress  levels 
in  a  supersonic  boundary  layer  are  often  suspiciously  low 
near  the  wall. 


Figure  2.  The  16°  two-dimensional  compression  corner 
flow  field  with  indicated  locations  of  the 
measuring  stations.  All  dimensional  units 
are  in  mm. 

RESULTS  AND  DISCUSSION 

Mean  flow 

The  properties  of  the  incoming  boundary  layer  at  a 
position  -Slum  upstream  of  the  corner  are  summarized  in 
Table  1.  A  shadowgram  of  the  interaction  region  is  given 
in  Fig.  3,  and  the  distributions  of  static  pressure  and 
skin  friction  coefficient  are  shown  in  Fig.  4. 

The  pressure  distribution  indicates  a  considerable 
upstream  Influence.  As  measurements  by  Dolling  and  Murphy 
(1983)  in  a  similar  configuration  suggest,  this  upstream 
influence  is  actually  caused  by  large,  low  frequency  os¬ 
cillations  in  the  shock  location.  This  observation  may 
have  Important  consequences  for  the  interpretation  of  the 
turbulence  behaviour. 

Downstream  of  the  corner  the  pressure  gradient  de¬ 
creases,  and  the  pressure  eventually  reaches  the  inviscld 
level,  as  expected.  There  is  no  evidence  of  flow  three- 
dimensionality,  and  the  surface  streak  patterns  observed 
by  Settles  (1975)  did  not  reveal  the  presence  of  any 
longitudinal  Taylor-Gor tier -like  vortices.  (These  vortices 
are  commonly  observed  in  subsonic  boundary  layers  under 
the  action  of  concave  streamline  curvature.) 

The  skin  friction  coefficient  indicates  that  the 
separation  zone,  if  it  exists,  is  extremely  small.  Down¬ 
stream  of  the  comer  the  skin  friction  coefficient  in¬ 
creases  rapidly;  this  increase  continues  even  after  the 
pressure  gradient  has  fallen  to  zero,  and  the  level  ac¬ 
tually  overshoots  the  equilibrium  value  (shown  on  the 
right-hand-side  of  Fig.  4b). 


Figure  4(a).  Surface  pressure  distribution  (from 
Settles  et  al,  1979) . 

CD 


Figure  3.  Shadowgram  of  the  shock  wave/boundary  layer 
interaction. 
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Figure  4(b).  Distribution  of  the  local  skin-friction 
coefficient  (from  Settles  et  al,  1979). 

Turbulence  measurements 

Normal  wire  results.  The  rms  mass-flow  fluctuation 
level  <(ou) ’>  is  shown  in  Fig.  5.  The  freestream  mass 
flow  rate  (pU)ref  and  the  upstream  boundary  layer  thick¬ 
ness  So  were  used  to  non-dlmensionalize  the  results,  and 
these  scales  were  chosen  simply  because  it  is  not  clear 
what  scaling  variables  are  appropriate  within  the  inter¬ 
action  region.  Figure  5  therefore  presents  information 
on  the  behaviour  of  the  absolute  mass-flow  fluctuation 
level.  Where  applicable,  the  point  at  which  the  local 
normal  Mach  number  equals  1.2  is  shown  in  the  figure; 
note  that  measurements  below  this  point  must  be  treated 
cautiously. 

The  most  obvious  feature  of  the  turbulence  behavior 
is  the  large  increase  in  the  level  of  <(ou)'>.  The  ini¬ 
tial  rise  occurs  as  the  flow  passes  through  the  interac¬ 
tion  zone  and  results  in  a  doubling  of  the  turbulence 
level,  but  what  is  in  some  ways  more  surprising  is  the 
continued  rise  of  <(ou)'>  within  the  "recovery"  zone. 

At  the  furthest  downstream  station,  the  peak  value  of 


Figure  6. 


Profiles  of  Che  rug  longitudinal  velocity 
fluctuation  <u'>/Dref - 


<(ou) ’>  actually  reaches  a  level  2.8  times  the  upstream 
value.  A  similar,  but  smaller  amplification  was  observed 
in  the  8°  corner  flow  (Hayakava  et  al,  1982) . 


To  investigate  the  approximate  behavior  of  the  rms 
velocity  fluctuation  intensity  <u'>,  we  assumed  that 
Morkovin's  (1962)  "Strong  Reynolds  Analogy"  could  be 
applied  in  this  flow.  In  other  words,  we  assumed  that. 
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where 


Rou  was  taken  to  be  a  constant  across  the  boundary 


layer  and  equal  to  0.8  (Dussauge  and  Gaviglio,  1981). 
Although  these  assumptions  are  always  somewhat  question¬ 
able  in  highly  disturbed  flows,  even  approximate  infor¬ 
mation  regarding  the  velocity  fluctuations  is  valuable. 
The  results  are  shown  in  Fig.  6. 


The  initial  behavior  of  <u’>  is  broadly  similar  to 
the  behavior  of  <(pu)’>  in  that  there  is  a  sudden  increase 
in  <u’>  within  the  interaction  zone.  Downstream,  in  con¬ 
trast  to  the  increase  observed  in  <(pu)'>,  the  level  of 
<u'>  reaches  a  plateau  and  eventually  begins  to  decrease. 


Inclined  wire  results.  The  mass  weighted  Reynolds 
shear  stress  (pu) 'v' /(oU2)ref  is  shown  in  Fig.  7.  Before 


discussing  these  results,  the  accuracy  and  limitation  of 
the  hot-wire  technique  should  be  considered. 


It  is  becoming  Increasingly  clear  that  one  of  the 
major  limitations  on  using  inclined  hot-wires  in  low 
Mach  number  supersonic  flows  is  the  requirement  that  the 
instantaneoua  normal  Mach  number  should  be  greater  than 
1.2  (Smite  and  Muck,  1982).  Within  the  transonic  range. 


the  hot-wire  behavior  changes  drastically,  and  a  sharp 
fall-off  occurs  in  the  inferred  turbulence  intensity. 

For  this  reason,  results  for  which  the  normal  Mach  number 
is  below  1.2  are  expected  to  be  in  error  and  should  be 
used  cautiously.  It  should  be  noted  that  it  is  possible, 
with  due  caution,  to  use  the  shear  stress  at  the  wall  as 
a  guide  for  interpreting  the  results  near  the  surface. 

Consider  now  the  results  shown  in  Fig.  7.  The  be¬ 
havior  of  (pu) 'v'  is  obviously  rather  different  from  that 
displayed  by  (pu)'^.  In  passing  through  the  interaction 
region,  (pu) 'v'  increases  by  as  much  as  16  times,  whereas 
( pu) '2  increases  by  less  than  10  times  over  the  same  dis¬ 
tance.  In  additional  contrast,  (pu)'v'  decreases  signi¬ 
ficantly  further  downstream. 

To  determine  the  behavior  of  the  turbulent  shear 
stress  T  »  pu'v',  we  again  assumed  that  the  "Strong 
Reynolds  Analogy"  could  be  applied.  That  is, 

T/T  .  p~  u ' v '  m  2  p  V2 _ 1 _  (pu)  *v' 

pw  u2  Cf  PrefUr\f  [l+(Y-l)Ma2]  p  U2 

where  the  subscript  "w"  indicates  values  at  the  wall. 

In  the  case  of  the  undisturbed,  upstream  boundary  layer 
(see  Fig.  8),  the  results  agree  closely  with  Sandborn’s 
"best  fit",  which  does  not  prove  that  the  data  are  accu¬ 
rate,  but  does  give  some  confidence  in  our  method. 

_ Although  the  behavior  of  the  Reynolds  stress 

o  u'v'  is  interesting,  the  behavior  of  the  kinematic 
shear  stress  u'v'  is  in  some  ways  even  more  interesting. 
The  distinction  is  useful  because  the  equations  of  motion 
can  be  written  in  different  ways.  When  dealing  with  com¬ 
pressible  flows,  there  is  always  a  choice  between  using 
either  mass-weighted  quantities  or  kinematic  quantities. 
By  separating  the  density  variations  from  the  velocity 
fluctuations,  the  turbulence  behavior  in  supersonic  flows 
can  be  described  in  terms  familiar  to  workers  in  subsonic 
flows,  and  this  approach  is  valuable  when  we  wish  to  em¬ 
phasize  the  effect  of  compressibility  on  the  turbulence 
behavior  (see,  for  example,  Bradshaw,  1974).  Here,  we 
have  chosen  to  present  only  the  results  for  the  kinematic 
stress  u'v',  and  these  results  are  shown  in  Fig.  9. 

The  streamwise  trend  displayed  by  u'v'  is  similar  to 
that  observed  for  ( pu ) ' v ' ;  a  sudden  increase  iatnediately 
downstream  of  the  shock  wave  is  followed  by  a  more  gra¬ 
dual  rise  which  then  levels  off  and  subsequently ^begins 
to  decrease.  The  magnitude  of  the  increase  in  u’v'. 


(pu)'v'/(pU) 


T/OELO 


Figure  7.  Profiles  of  the  mass  weighted  Reynolds  shear 
acraaa  (cu) ' v' /(otK)ref .  Tha  arrowa  indicate 
tha  locations  at  which  tha  mean  local  normal 
Mach  nuabar  la  1.2.  Tha  valuaa  glvan  at  ~ 
y*0  wara  takan  from  tha  aaan  flow  data. 


o.o  0.2  a*  ae  o.«  io 
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Figure  8.  Profiles  of  the  Reynolds  shear  stress  norma¬ 
lized  by  the  surface  shear  stress,  t/tu  for 
different  wires  at  the  upstream  station 
(x  •  -50.8  mm).  Wire  1  was  used  for  all  the 
measurements  presented  in  this  paper. 

The  region  of  "best  fit"  is  taken  from 
Sandborn  (1974). 


however  is  considerably  smaller  than  the  observed  increase 
in  (pu) 'v* .  At  x  -  76  mm,  for  instance,  u'v'  has  increased 
by  a  factor  of  2.6  whereas  (ou)'v'  increased  about  16 
times.  At  the  same  station,  the  corresponding  amplifica¬ 
tion  factors  for  u ' 2  and  (pu) ' 2  were  4  and  8  respectively, 
which  suggests  a  considerable  change  in  the  turbulence 
structure. 

For  instance,  the  ratio  -u'v'/u’2  can  be  taken  as  a 
structure  parameter.  In  the  undisturbed  boundary  layer  at 
x  «  -51  mm,  this  ratio  has  a  value  of  about  0.25  (at 
y/50  »  0.6),  which  agrees  well  with  the  value  commonly 
quoted  for  incompressible  boundary  layers  (see  Townsend, 
1976.  n.107) .  Through  the  interaction  zone,  the  ratio 
u'v'/u'2  Increases  to  about  0.35,  although  it  must  be 
stated  that  the  measurements  of  u'v'  in  this  region  are 
probably  not  too  reliable.  Downstream  in  the  recovery 
region,  however,  this  ratio  decreases  significantly,  and 
it  reaches  a  value  of  0.16V0.18  at  the  furthest  downstream 
station  (x  -  140  mo) .  A  similar  trend  was  observed  by 
Smits  et  al  (1979)  in  a  subsonic  boundary  layer  subjected 
to  an  impulse  in  concave  curvature.  It  is  interesting  to 
note  that  in  the  present  experiment,  where  both  curvature 
and  compressibility  effects  are  important,  the  turbulence 
appears  to  respond  in  a  similar  fashion. 


CONCLUSIONS  AND  FINAL  DISCUSSION 

All  the  turbulence  parameters  considered  in  this 
study,  including  (pu) ’2,  u' 2,  (pu) 'v'  and  u'v'  have  shown 
a  similar  trend.  All  of  these  parameters  increase  through 
the  interaction  over  a  distance  which  corresponds  approx¬ 
imately  to  the  region  of  non-zero  pressure  gradient  and 
the  increases  are  not  insignificant;  amplification  factors 
vary  from  2.6  to  16.  It  was  observed  that  the  turbulence 
at  the  furthest  dovnstream  station  is  still  far  from 
equilibrium,  and  it  appears  that  the  relaxation  process 
is  very  slow.  In  addition,  the  turbulence  structure  is 
considerably  distorted  by  the  interaction.  For  instance, 
the  ratio  u'v'/u' 2  first  increases  by  about  402  and  then 
decreases  by  approximately  the  same  amount. 

To  interpret  these  results,  we  can  begin  by  con¬ 
sidering  the  theoretical  work  of  Jang,  et  al  (1982)  and 
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Figure  9.  Profile*  of  the  kinematic  sheer  street 
7uTvTT/u|,f ■  The  errows  indicate  the 
locations  et  which  the  seen  locel  normal 
Mach  number  is  1.2. 


Anyiwo  and  Bushnell  (1982).  Using  the  two-dimensional 
Euler  equations,  these  authors  showed  that  several  possi¬ 
ble  turbulence  amplification  or  generation  mechanisms  may 
occur  during  an  interaction  between  a  plane  shock  wave 
and  an  incident  turbulence  field.  These  mechanisms  in¬ 
clude  (1)  direct  amplification,  (2)  "generation"  of  tur¬ 
bulence  from  incident  acoustic  and  entropy  fluctuations, 
and  (3)  "focussing"  caused  by  distortions  of  the  shock 
front. 

When  a  shock  wave  interacts  with  a  turbulent  boun¬ 
dary  layer,  however,  the  flow  field  is  rather  differen* 
from  the  ideal  case  considered  by  these  authors.  The 
shock  wave  within  the  boundary  layer  spreads  out  into  a 
system  of  instantaneous  compression  waves  (see,  for  in¬ 
stance,  Fig.  3)  which  are  unsteady  and  appear  to  be  in 
constant,  low  frequency  motion  (Dolling  and  Murphy,  1982). 
As  Zang  et  al  (1982)  point  out,  the  direct  conversion  of 
mean  flow  energy  into  turbulence  by  shock  oscillation  can 
serve  as  a  powerful  turbulence  amplification  mechanism. 

In  our  particular  experiment,  however,  it  does  not  appear 
that  shock  oscillation  is  an  important  amplification  me¬ 
chanism.  This  conclusion  is  based  on  the  results  given 
in  Figs.  5  and  6;  the  amplification  begins  very  close  to 
the  mean  shock  location,  and  if  shock  oscillation  was  im¬ 
portant  we  would  expect  to  see  a  greater  upstream  influ¬ 
ence. 

Of  the  other  three  mechanisms,  the  first  two  are 
probably  more  important  than  the  third  (Anyiwo  and 
Bushnell,  1982).  Ue  can  consider  these  two  mechanisms 
together  for  our  purposes,  and  simply  call  them  "compres¬ 
sibility"  effects.  The  choice  of  the  name  is  deliberate. 
In  any  shock-wave/boundary  layer  interaction  the  compres¬ 
sion  occurs  over  some  distance  and  it  is  difficult  to 
identify  a  precise  shock  front.  We  tentatively  suggest, 
therefore,  that  what  we  call  compressibility  effects  are 
similar  to  the  compressibility  effects  identified  by 
Bradshaw  (1973,1974)  in  supersonic  boundary  layers  sub¬ 
jected  to  adverse  pressure  gradients.  If  we  can  ignore 
viscous  effects  associated  with  the  compression  waves, 
the  question  appears  to  be  more  a  matter  of  degree  rather 
than  a  fundamental  difference  in  kind. 


The  interaction  zone  may  perhaps  be  viewed  simply 
as  a  region  of  impulsively  applied  pressure  gradient. 

The  physical  mechanism  by  which  turbulence  is  amplified 
across  an  interaction  zone  can  then  be  identified  as  a 
change  in  the  cross-sectional  area  of  fluid  elements, 
caused  by  the  compression.  A  useful  measure  of  the 
strength  of  the  interaction  is  given  by  the  integral  of 
the  divergence  of  the  velocity  field  over  the  time  it 
acts,  and  this  is  approximately  equal  to  6p»(l/yHn(p2/Pl) 
where  P2/P1  represents  the  pressure  rise  across  the  shock 
wave  (Hayakawa,  et  al,  1982) ■ 

In  the  case  of  a  compression  comer,  the  streamlines 
experience  concave  longitudinal  curvature  as  they  pass 
through  the  interaction  zone.  Concave  curvature  is  an 
unstable  extra  strain  rate  in  that  it  causes  turbulence 
levels  to  increase  (Bradshaw,  1973),  and  therefore  it 
must  be  considered  as  an  additional  amplification  mech¬ 
anism.  We  can  similarly  characterize  the  strength  of 
the  curvature  effect  by  evaluating  the  integral  of  the 
extra  strain  rate  over  the  time  it  acts,  and  we  find  that 
this  is  equal  to  the  total  turning  angle  9C  (Smlts  et  al, 
1979). 

For  the  present  experiment,  9p  =  0.74  and  8C  =  0.28 
which  suggests  that  the  effects  of  compressibility  out¬ 
weigh  the  effects  of  curvature,  if  no  interaction  between 
these  effects  occurs. 

We  have  remarked  that  the  turbulence  structure 
appears  to  be  significantly  distorted  by  the  interaction. 
This  observation  is  in  accord  with  the  analysis  presented 
by  Debieve  et  al  (1980).  By  using  an  approach  based  on 
rapid  distortion  theory,  and  by  modelling  the  shock  wave 
as  a  discontinuity,  they  showed  that  the  shock  wave  ro¬ 
tates  the  Reynolds  stress  tensor . _ As  a  consequence,  a 

structure  parameter  such  as  u  'v  '  /u '  -  must  change,  and 
their  analysis  predicts  an  increase,  as  observed  in  our 


measuraaents.  The  subsequent  decrease  Indicates  that 
this  analysis  apparently  breaks  down  In  the  recovery  re¬ 
gion. 

A  final  note  should  be  added  regarding  the  time- 
dependent  response  of  the  turbulent  motions.  It  seems 
highly  likely  that  the  full  impact  of  the  distortion  is 
not  felt  until  some  distance  downstream  of  the  interac¬ 
tion  zone.  At  first  sight,  the  results  do  not  show  evi¬ 
dence  of  such  a  lagged  response.  This  aspect  of  the 
turbulence  behavior,  however,  is  under  further  investi¬ 
gation. 


R*o> 

6.3  x  10 7 /m 

“a. 

2.87 

Po 

1  6.9  x  10s  N/m2 

Ttf/T0 

1.04 

5o 

28.0  nsn 

5*  f 
ref 

6.7  mm 

9ref 

1.3  mm 

TABLE  1:  Incoming  flow  conditions.  The 
boundary  layer  parameters  were 
taken  at  x  -  -51mm.  The  thick¬ 
ness  50  is  defined  as  the  distance 
where  che  mass  flow  rate  reaches 
99Z  of  the  freestream  value. 
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ABSTRACT 

Discussion  is  given  on  a  universal  velocity  distribution 
in  the  shear  layer  induced  by  a  spinning  cylinder  in  an 
infinite  still  fluid  and  a  novel  semi-logarithmic  law  differ¬ 
ent  from  that  of  the  conventional  two-dimensional  turbulent 
boundary  layer  is  derived.  Experiments  have  been  perform- 

4 

ed  for  various  Reynolds  numbers  extending  from  4.5  x  10 

to  7.8  x  105  and  the  mean  and  fluctuating  velocity  fields 
have  been  measured.  The  novel  universal  velocity  distribu¬ 
tion  law  obtained  is  verified  by  these  measurements.  Ex¬ 
tremely  unstable  nature  of  this  flow  is  inferred  from  the 
profile  of  Richardson  number  calculated  from  the  measured 
mean  velocity.  The  averaged  velocity  distribution  exhibits 
the  existence  of  two  types  of  power  law  regions  where 

9 

U  «  1/r  and  U  «  1/r,  but  a  notice  should  be  paid  that 
the  flow  is  still  turbulent  in  the  1/t-region.  The  same 
scaling  law  can  be  applied  for  the  turbulent  field  and  the 
similar  distributions  of  various  turbulent  quantities  are 
obtained  irrespective  to  the  value  of  Reynolds  number. 
The  sta  stical  parameters  are  used  to  depict  the  flow 
field.  Especially  the  intermittency  distribution  suggests 
that  the  entrained  ambient  fluid  enters  deep  into  the  rotat¬ 
ing  shear  layer. 

NOMENCLATURE 


a 


D 

P 


*  Radius  of  the  cylinder 

2 

*  -2  tw/oL!w  ,  Skin  friction  coefficient 

*  2a,  Diameter  of  the  cylinder 

*  Static  pressure 

*  Radial  distance 

-S  “S 

*  (u  ♦  v  *  w  )/2  Turbulent  energy 
»  UwD/  v  ,  Reynolds  number 


U,  V,  W  »  Mean  velocity  components  in  the  x-,  y-  and 
z-directions 

uT  *  /-  t  /  o  ,  Friction  velocity 

u,  v,  w  »  Fluctuating  velocity  components  in  the  x-,  y- 
and  z-directions 

u',  v',  w'  »  RMS  values  of  u,  v  and  w,  respectively 

x,  y,  z  »  Cylindrical  coordinates,  x:  Peripheral  direction, 
y:  Axial  distance,  z:  Radial  distance  from  the 
cylinder  surface 

ui  ■  Angular  velocity  of  the  cylinder 

T  •  Shear  stress 


Subscript 

w  *  At  cue  cylinder  surface 

INTRODUCTION 


It  is  well  known  that  the  streamline  curvature  has 
an  appreciable  effect  on  the  structure  of  turbulent  shear 
flow  even  If  the  radius  of  its  curvature  is  considerably 
larger  than  the  length  scale  in  a  problem  [1],  Many  types 


of  turbulent  shear  flows  having  a  curved  streamline  have 
long  been  of  special  interest  from  the  fact  that  they  show 
various  characteristics  which  cannot  be  inferred  from  the 
knowledge  of  the  flat-plate  turbulent  boundary  layer.  Per¬ 
haps  one  of  the  simplest  types  is  the  turbulent  shear  flow 
induced  by  a  rotating  cylinder  in  a  quiescent  fluid  filling 
infinite  space.  In  this  flow,  the  mean  rate  of  deformation 
is  dU/dr-U/r,  and  the  mean  vorticity  is  dU/dr+U/r;  the 
flow  has  the  extra  rate  of  strain  -U/r  according  to  Brad¬ 
shaw  [2).  Or  it  may  be  said  that  the  flow  has  the  extra 
vorticity. 

Although  numerous  studies  have  been  performed  on 
the  flow  between  concentric  rotating  cylinders,  there  is 
surprisingly  little  research  on  the  limiting  case  in  which 
the  outer  cylinder  diameter  tends  to  infinity.  Among  the 
experimental  studies  in  particular  can  be  cited  the  torque 
measurement  by  Theodorsen  and  Regier  [3J,  the  measure¬ 
ment  of  velocity  distribution  by  Thom  [41,  and  the  flow 
visualization  in  the  near-wall  region  and  the  velocity  mea¬ 
surement  by  Kasagi  and  Hirata  (5).  The  experiment  on 
turbulence  properties  is  insufficient.  The  mean  flow  struc¬ 
ture,  especially  the  universal  velocity  distribution  on  a 
rotating  cylinder,  was  discussed  by  Fujimoto  [6|  and  Dorf- 
mann  [3],  and  recently,  in  case  of  concentric  rotating  cylin¬ 
ders,  by  Smith  and  Townsend  [8).  These  discussions,  how¬ 
ever,  contradict  one  another  in  basic  ideas,  and  none  of 
them  seems  to  be  conclusive  at  least  for  the  present  au¬ 
thors. 

In  this  study,  first  consideration  is  given  to  a  univer¬ 
sal  velocity  distribution  law  in  the  turbulent  shear  flow 
on  a  rotating  cylinder  in  a  quiescent  fluid,  and  then  exper¬ 
iments  on  the  mean  flow  velocity  distribute '  and  turbu¬ 
lence  properties  are  presented.  Discussion  is  undertaken 
on  the  mean  flow  field,  and  turbulence  structure:  i.e.,  the 
fluctuating  velocity  and  Reynolds  stress  distributions,  the 
turbulent  energy  budget,  the  probability  density  distributions 
of  the  fluctuating  velocities,  and  the  auto-  and  space  cor¬ 
relations  of  turbulence. 

SIMILARITY  PROFILE  OF  MEAN  FLOW 

Because  of  the  simplicity  of  the  flow  geometry,  the 
universal  velocity  distribution  law  is  expected  to  hold  at 
high  Reynolds  numbers.  There  is  an  opinion  that  the  same 
logarithmic  law  as  in  the  flat-plate  flow  should  be  valid 
in  the  turbulent  shear  flow  on  a  cylinder  spinning  in  an 
infinite  space.  Kasagi  and  Hirata  [5]  applied  their  mean 
flow  data  to  the  usual  two-dimensional  law  of  the  wall, 
but  the  data  did  not  fit  the  two-dimensional  law  except 
in  the  viscous  sublayer.  Smith  and  Townsend  [8]  have  also 
used  the  two-dimensional  Ytfarithmic  law  to  express  the 
measured  mean  velocity  dis.-bution  of  the  turbulent  shear 
flow  in  concentric  rotating  u,  linders.  These  data  are  con¬ 
siderably  scattered  and  not  conclusive  about  the  law  of 
the  wall. 

Earlier,  Fujimoto  considered  the  velocity  distribution 
of  this  flow  [6|.  Assuming  the  same  mixing  length  hypothe- 
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sis  as  the  flat-plate  flow,  t  *  -  oi  (dU/dz)  where  l  *  <z, 
and  the  constant  moment  of  the  shear  force  across  the 
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layer,  i.e.,  t  r  *  x  ,  he  derived 

U/uT  •  (1/  <  )[(r/a)ln(  1  ♦a/z)  -  1],  (1) 

However,  this  expression  could  not  depict  the  present  ex¬ 
perimental  velocity  profiles. 

Oorfmann  deduced  a  universal  velocity  distribution 
law  of  the  turbulent  flow  in  concentric  rotating  cylinders, 
assuming  t  «  pv -j.r  3  (U/r)/  3r  where  -  <q/-  t/o  z  is 

an  eddy  viscosity.  If  the  radius  of  the  outer  cylinder  tends 
to  infinity  in  this  law,  the  expression  for  the  velocity  dis¬ 
tribution  on  the  rotating  cylinder  in  a  quiescent  fluid  can 
be  obtained.  Dorfmann  did  not  show  this  velocity  distribu¬ 
tion  but  it  is  easily  obtained  in  defect  law  form  as 

(a/r)U/uT  -  -(1/  <D)(ln(l-a/r)  ♦  a/r  -  C).  (2) 

The  mean  flow  structure  must  be  influenced  by  the 
effect  of  streamline  curvature.  As  will  be  shown  later, 
the  extra  rate  of  strain  in  this  flow  is  small  only  in  the 
vicinity  of  the  wall  and  not  negligible  in  fully  turbulent 
region  near  the  wall  corresponding  to  the  logarithmic  re¬ 
gion  in  the  flat-plate  flow.  Although  the  considerations  of 
Fujimoto  and  Dorfmann  deserve  credit  for  attempting  to 
establish  a  universal  velocity  distribution  law  instead  of 
the  two-dimensional  conventional  law,  they  are  incomplete; 
their  basic  idea  or  assumptions  are  open  to  question. 

The  equation  of  mean  velocity  in  the  peripheral  direc¬ 
tion  is  integrated  to  be  (e.g..  Ref.  (9|), 

-uwr2*  ur3d(U/r)/dr  «  const.,  13) 
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Equations  (3)  and  (4)  are  identical  with  those  for  the  peri¬ 
pheral  velocity  component  in  the  near  wall  region  of  the 
flow  on  a  rotating  cylinder  in  an  axiai  uniform  stream 
( 10).  Therefore,  basically  the  same,  but  more  precise,  dis¬ 
cussion  on  the  mean  flow  near  the  wall  can  be  made  as 
in  the  section  4.4.2  of  Ref.  [101  where  the  law  of  the 
wall  and  the  logarithmic  law  different  from  two-dimensional 
laws  are  derived.  For  convenience  a  brief  description  is 
given  as  follows. 

Introducing  a  dimensionless  argument  z*  defined  by 

dz*/dr  »  uTa3/vr3,  (5) 


Eq.  (3)  is  transformed  as 


dlaU/ru^  )/dz*  -  r3uw/a3u^3  »  1.  (6) 

We  may  expect  the  solution  of  Eq.  (6)  to  be 

aU/ruT  •  F(z+),  (7) 

or  the  law  of  the  wall,  if  such  exists,  corresponding  to 
the  two-dimensional  law  should  read  as 

|Uw-(a/r)Ul/uT  •  F(0)  -  F(z*)  «  flz*).  (8) 

Under  the  condition  of  z*  «  0  at  r  ■  a,  the  integration 
of  Eq.  (5)  yields 

z*  *  (uT  a/v  )(r2-a2)/2r2.  (9) 

In  the  viscous  sublayer  where  the  Reynolds  stress 
can  be  neglected,  the  velocity  profile  becomes 

[Uw-(a/r)U|/uT  .  z*  .  (u  T  a/  v  )(r2-a2)/2r2.  (10) 


(Uw-<a/r)U|/u T  •  z 


This  expression  is  a  special  one  included  in  the  general 
expression  of  the  law  of  the  wall,  Eq.  (8). 

In  the  fully  turbulent  region  outside  the  sublayer, 
a  universal  velocity  distribution  is  obtained  as 

[Uw-(a/r)U|/u  T  •  A  iog,0[(uT  a/ v)(r2-a2)/2r2]  *  B,  (11) 

which  is  different  from  a  two-dimensional  turbulent  bound¬ 
ary  layer  with  respect  to  the  wall  variable.  Moreover, 
the  values  of  the  constants  A  and  B  are  different  from 
those  of  the  flat-plate  flow,  as  will  be  shown  later.  Equa¬ 
tion  (11)  can  be  deduced  from  the  assumption  of  the  exist¬ 
ence  of  the  overlap  region  where  both  the  law  of  the  wall 


(8)  and  a  defect  law  in  outer  layer,  which  may  be  expressed 

aU/ruT  -  g(r/a,  4 /a),  (12) 

are  valid;  or  it  can  also  be  obtained  from  the  assumption 
that  the  eddy  viscosity  is  scaled  by  the  relevant  coordinate 

uz*/ut  .  a(r2-a2)/2r2. 

EXPERIMENTAL  APPARATUS 

Two  kinds  of  cylinders  D  >  2a  «  300  mm  and  80 
mm  are  rotated  between  two  end  plates  standing  880  mm 
apart  from  each  other.  The  cylinders  are  made  from  alu¬ 
minum  alloy  and  have  smooth  surfaces.  Probes  used  are 
conventional  1  and  X  hot-wire  probes  and  a  static  pressure 
probe.  Care  was  taken  to  minimize  the  effect  of  the 
prong  wake  on  the  hot-wire  output.  The  hot-wire  signal 
was  calibrated  in  a  wind-tunnel.  The  speed  of  the  thick 
cylinder  rotation  was  varied  from  N  *  480  rpm  to  2500 
rpm,  and  that  of  the  thin  cylinder  attained  5000  rpm  maxi¬ 
mum.  The  corresponding  Reynolds  number  Re  is  1.5  x  103 

to  7.8  x  103  in  the  thick  cylinder  and  up  to  1.1  x  103 
in  the  thin  cylinder. 

RESULTS  AND  DISCUSSION 

Secondary  flow  observed  was  weak  and  the  mean 
velocity  profile  U/Uw  obtained  at  three  different  sections 

in  the  axial  direction  showed  a  clear  two-dimensionality. 
Thus,  it  can  be  said  that  the  flow  fields  in  the  central 
section  of  the  cylinder  concerned  in  the  present  study  are 
not  influenced  significantly  by  the  secondary  flow. 

Wall  Shear  Stress 

The  most  important  factor  for  describing  turbulent 


wall  flow  is  the  wall  shear-stress  x 


Theodorsen  and 


Regier  |3]  measured  torque  exerted  on  various  rotating 
cylinders,  and  Dorfmann  [7)  proposed  a  semi-empirical  for¬ 
mula  for  skin  friction  coefficient  cf.  in  the  present  study 
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Fig.  1  Skin  friction  coefficient  estimated  both  from  the 
Reynolds  stress  (  •  and  a,  for  cylinders  D*300  mm  and  80 
mm,  respectively)  and  from  the  mean  velocity  gradient 

I  o  and  ®,  for  these  cylinders,  respectively).  - ,  Dorfmann 

[7];  — ,  Eq.  (13);  e,  Thom  [4|;  »,  Smith  &  Townsend  [8). 
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Fig.  2  Logarithmic  plots  according  to  the  two-dimensional 
law  of  the  wall.  A,  thick  cylinder  (D*300  mm);  B,  thin 
cylinder  (D*80  mm);  the  same  designation  will  pe  used 
in  the  following  figures. 
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tw  was  estimated  both  from  the  measurement  of  Reynolds 

stress  uw,  and  from  the  value  of  the  mean  velocity  gradi¬ 
ent  measured  in  the  vicinity  of  the  cylinder  surface. 

Figure  1  shows  a  comparison  of  c^  obtained  by  various 

investigators.  In  this  experiment  the  values  of  c^  obtained 

from  uw  and  from  the  mean  velocity  gradient  near  the 
wall  agree  well.  The  dotted  line  in  Fig.  1  is  drawn  accord¬ 
ing  to  the  equation: 

1/vSj:  «  3.09  log10(Rev<y2)  -  4.79.  (13) 

This  expression  is  derived  from  Eq.  (11)  in  an  analogy  to 
Dorfmann's  formula  [Eq.  (14)]  with  the  numerical  coeffi¬ 
cients  determined  by  the  mean  velocity  distribution  discuss¬ 
ed  in  the  next  section.  The  difference  between  the  distri¬ 
bution  of  the  present  data  and  the  solid  line,  the  resistance 
formula  of  Dorfmann  [7],  is  appreciable.  The  plots  of 
the  wall  shear  stress  from  the  torque  measurements  of 
Theodorsen  and  Regier  [3|  on  which  the  Dorfmann's  formula 
is  based  exhibited  appreciable  scatter  within  the  range 
of  the  Reynolds  number  shown  in  this  figure.  Smith  and 
Townsend  (8|  have  measured  the  mean  velocity  in  turbulent 
flow  between  two  concentric  rotating  cylinders.  In  the 
figure,  the  skin  friction  coefficient  at  the  inner  cylinder 
estimated  by  the  present  authors  from  their  mean  velocity 
profiles  w>ith  the  outer  cylinder  at  rest  is  also  presented. 

For  laminar  flow  between  the  two  concentric  rotating 
cylinders  the  exact  solutions  of  the  Navier-Stokes  equation 
exist,  and  when  the  outer  cylinder  is  at  rest  the  wall  shear 
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stress  on  the  inner  cylinder  becomes  t  »  -2uuia  /(a1  -a  ) 

where  a'  is  the  radius  of  the  outer  cylinder.  In  case  of 
a  single  cylinder  rotating  in  an  infinite  fluid  (a'-»“)  it 
becomes  «  -2uui,  i.e.,  smaller  than  that  of  concentric 

cylinders.  It  is  natural  to  expect  that,  for  turbulent  flow 
too,  the  wall  shear  stress  for  a  single  rotating  cylinder 
is  smaller  than  for  concentric  rotating  cylinders.  Thus, 
although  the  skin  friction  coefficient  of  Smith  and  Townsend 
estimated  by  the  present  authors  may  have  considerable 
error,  the  value  of  Dorfmann's  formula  seems  too  high 
and  open  to  doubt;  it  is  needless  to  mention  the  higher 
value  of  Thom's  results  [4j.  The  results  of  this  measure¬ 
ment  are  more  reasonable.  Moreover,  the  various  quantities 
of  the  mean  flow  and  turbulent  fields  in  this  experiment 
were  found  to  be  better  arranged  by  using  the  wall  shear 
stress  obtained  here  than  Dorfmann's  formula. 
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Universal  Velocity  Distribution 

Figure  2  shows  the  logarithmic  plots  of  the  velocity 
distribution  in  chis  experiment  according  to  the  two-dimen¬ 
sional  logarithmic  velocity  distribution  law,  u_  being  esti¬ 
mated  as  in  the  previous  section.  The  measured  velocity 
profiles  do  not  collapse  into  the  lines  of  the  two-dimension¬ 
al  law,  and,  moreover,  the  velocity  profiles  have  almost 
no  portions  parallel  to  these  lines,  it  is  clear  that  the 
two  dimensional  logarithmic  law  is  invalid  in  this  turbulent 
shear  flow;  the  validity  of  this  law  is  diminished  with  the 
increasing  effect  of  the  streamline  curvature. 

if  <<  a  where  5$  is  the  thickness  of  the  viscous 

sublayer,  it  may  be  legitimate  to  assume  a  linear  velocity 
profile  in  the  sublayer.  Joining  this  profile  with  Eq.  (2) 
at  the  outer  edge  of  the  sublayer,  putting  5s  «  av/u^  , 

yields  C  «  -  < jj(U'w/u  T  -  a )-l*ln(u ^  a/av  *1)  for  the  first 
approximation.  Dorfmann  assumed  *  0.4,  the  same 

value  as  in  the  flat-plate  flow,  and  estimated  a  «  7.5  using 
the  data  of  the  flow  between  concentric  rotating  cylinders. 
Using  these  values  he  obtained  a  semi-empirical  formula 
for  the  resistance: 

1/^  *  4.07  log]0(Revc^/2)  -  0.6.  (14) 

This  distribution  is  already  shown  in  Fig.  1  by  a  solid  line. 

The  present  data  plotted  according  to  Eq.  (2)  showed 
fairly  scattering  and  the  experimental  evaluation  yields 
<p  *  0.5  0.6  and  a  »  13  'v  15,  quite  different  from  those 

of  Dorfmann. 

Equation  (2)  is  rewritten 

[Uw-(a/r)U]/uT  *  (1/ <p)lln(l-a/r)  -  a/r|  -  a 

♦  (1/  <D))ln(NuT  a/av  1  -  1],  (15) 

The  plots  of  the  present  data  on  the  basis  of  Eq.  (15)  ex¬ 
hibited  a  high  dependence  on  the  Reynolds  number  though 
fairly  wide  ranges  of  the  straight  line  portions  in  the  veloc¬ 
ity  profiles  could  be  discerned. 

We  have  derived  the  universal  velocity  distribution 
law,  Eq.  (11),  for  the  turbulent  shear  flow  on  a  rotating 
cylinder  in  a  quiescent  fluid;  this  expression  is  considered 
most  reasonable  among  various  expressions  proposed  so 
far  because  of  the  consistency  in  the  procedure  of  the 
derivation  as  well  as  in  the  basic  assumptions.  The  exper- 
mental  results  are  plotted  in  Fig.  3  on  the  basis  of  Eq. 
(11)  with  A  *  4.2  and  B  *  9.8.  This  figure  reveals  that 
the  data  are  satisfactorily  expressed  by  this  universal  loga¬ 
rithmic  velocity  distribution,  independent  of  the  Reynolds 
number  for  the  first  approximation.  It  should  be  noted 
that  the  value  of  the  gradient  of  the  line,  i.e.,  A  =  4.2, 
has  been  determined  in  an  experiment  of  the  turbulent 
boundary  layer  on  a  thin  cylinder  rotating  in  an  axiai  uni¬ 
form  stream  111].  It  can  be  supposed  that  the  shear  layer 
structure  of  these  two  flows  are  similar.  The  velocity 
distribution  in  the  viscous  sublayer  is  presented  in  Fig. 
4  according  to  Eq.  (10).  This  figure  reveals  the  validity 
of  the  estimation  of  the  wall  shear  stress  from  the  mean 
velocity  gradient  near  the  wall. 

The  defect  law,  Eq.  112),  becomes 

aU/ruT  *  -A  In] l-(a/r)2]  ♦  C',  (16) 


Fig.  3  Logarithmic  velocity  distribution  according 
to  Eq.  (11)  with  A»4.2  and  B*9.8. 
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Fig.  4  Velocity  profiles 
in  the  viscous  sublayer 
according  to  Eq.  (10). 


Fig.  5  Logarithmic  plots  of  the  velocity  profiles 
according  to  defect  law  representation.  Eq.  (16). 


The  rate  of  strain  of  this  flow  is 


in  the  overlapping  region  of  the  wall  layer  and  the  outer 
layer.  Here  C'  is  a  function  of  6/a.  Figure  5  shows  the 
measured  velocity  profiles  plotted  according  to  Eq.  (16). 
The  functional  relationship  of  Eq.  (12)  and  Eq.  (16)  may 

be  considered  reasonable. 

A  gradient  Richardson  number  (1] 

Ri  •  2S(  1  ♦SI.  (17) 

where  S  *  (U/r)/(dU/dr),  is  a  parameter  relevant  to  turbu¬ 
lent  structure  in  curved  flows  and  utilized  by  many  re¬ 

searchers.  The  minimum  value  of  Ri  is  -0.5;  in  this  case 
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it  turns  out  to  be  U  «  1/r  from  the  definition  of  S. 
The  profiles  of  Ri  obtained  from  the  present  data  are 
shown  in  Fig.  6  and  are  always  negative;  in  a  certain  range 
of  r,  they  take  a  minimum  value  -0.5,  suggesting  that  this 
flow  is  extremely  unstable. 

Figure  7  shows  how  the  velocity  profiles  relate  to 

the  power  of  r.  Here  U*  *  U/uT  and  r*  «  ruT  /  v  .  The 
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two  distinct  regions  of  U  «  1/r  and  U  <*  1/r  are  noted. 
As  sl.own  in  Fig.  5,  even  the  velocity  distribution  in  the 
outermost  part  of  the  layer  behaves  logarithmically  as 

ta/r)U/uT  ln((r2-a2)/r2).  (18) 

Far  from  the  wall,  the  right-hand  side  of  Eq.  (18)  is  ex¬ 
panded  as 

ln((r2-a2)/r2l  •  -<a/r)2  -  (l/2)(a/r)4  .....  (19) 

Therefore  we  can  obtain  U  «  1/r  in  the  outermost  part 
of  the  turbulent  shear  layer.  Here  it  should  be  noted  that 
the  flow  in  the  region  of  U  «  1/r  is  not  laminar  but  turbu¬ 
lent.  In  fact,  the  present  experiment  reveals  that  the 
value  of  u'/U  is  nearly  constant  in  this  region;  the  fluctuat¬ 
ing  velocities  are  damped  outward  together  with  the  mean 
velocity. 


Fig.  7  Velocity  profiles  related  to  the  power  of  r. 


dU/dr  -  U/r  ■  !dU/dr)(l-S). 


(20) 


The  term  U/r  can  be  regarded  as  the  extra  rate  of  strain 
to  the  flat-piate  flow.  If  |S|  <<  1,  the  flow  can  be  rea¬ 
sonably  approximated  by  the  two-dimensional  flat-plate 
flow;  on  the  other  hand,  when  S  is  not  very  small,  the 
two-dimensional  treatment  for  this  flow  is  not  valid.  In 
the  whole  region  of  the  present  shear  layer,  except  near 
the  wall,  the  magnitude  of  S  is  not  small;  the  role  of  the 
extra  rate  of  strain  in  this  flow  is  very  important. 


Turbulent  Field 

The  measured  distributions  of  the  RMS  fluctuating 
velocity  components  u',  v1  and  w1,  and  the  turbulent  energy 
are  shown  in  Figs.  8  and  9,  respectively,  using  the  same 
scaling  law  as  the  mean  velocity  distribution.  Except  in 
the  near-wail  region,  each  of  the  data  falls  along  one  single 
curve.  The  value  of  u'/U  was  increased  gradually  with 
the  distance  from  the  wall  and  had  a  nearly  constant  value 
0.4  in  the  region  of  U  «  1/r;  it  is  conjectured  that  there 
is  a  noticeable  error  in  the  turbulence  quantities  measured 
in  the  outermost  region.  In  this  region  the  existence  of 
the  large  eddy  structure  of  vortex  motions  is  anticipated, 
and  there  possibly  exist  instantaneous  reverse  flows.  Figure 
10  shows  the  distribution  of  the  Reynolds  stress  multiplied 

2 

by  r  .  The  constancy  of  the  torque  of  the  shear  force 
acting  at  any  cylindrical  surface  required  from  Eq.  (3) 
is  well  satisfied  in  the  fully  turbulent  region.  The  value 
of  the  wall  shear  stress  presented  in  Fig.  1  is  estimated 
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from  the  extrapolation  of  the  distribution  of  uwr  ,  and 
its  accuracy  seems  to  be  reliable,  it  can  be  thought  that 
the  flow  around  a  cylinder  spinning  in  an  infinite  fluid 
is,  far  from  the  wall,  the  same  as  in  the  potential  flow 
field  with  the  velocity  U  «  1/r  induced  by  a  vortex  fila¬ 
ment.  Although  the  present  experiment  shows  the  existence 
of  the  region  U  *  1/r,  the  flow  in  this  region  is  turbulent 
and  not  a  usual  potential  flow. 

Balances  of  Mean  Momentum  and  Turbulent  Energy 

The  balance  of  the  equation  in  the  peripheral  direction 
is  shown  in  Fig.  10.  The  radial  mean  momentum  equation 
has  a  complex  nature  and  may  be  significant  for  investiga¬ 
tion  of  the  balance  of  the  equation.  To  avoid  the  differ¬ 
entiation  of  the  experimental  data,  we  integrate  the  equa¬ 
tion,  and  the  following  is  obtained: 
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Fig.  9  Turbulent  energy  distribution. 
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Fig.  8  Fluctuating  ve¬ 
locity  profiles  using  the 
same  scaling  law  as 
the  mean  velocity. 
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Fig.  10  Reynolds  stress  distribution  multiplied  by  r  . 


(Pe-P)/oUw2  ♦  (75-w2,/Uw2  *|a  6l(w2-?)/rUw2]dr 

-  (U/U  r(l/r)dr.  (21) 

1  a*z 

Figure  11  shows  the  terms  appearing  in  the  above  equation 
estimated  on  the  basis  of  the  experimental  data.  The 
normal  stress  term  clearly  shows  its  importance  in  the 
balance  of  the  radial  mean  momentum.  — » 

The  equation  for  the  turbulent  kinetic  energy  q  /2 
is 

uwr  3 (U/r)/  3r  ♦  (1/r)  3 (r(q2/2*p/ 0  )w]/  3r  ♦  e  «  0,  (22) 

where  e  stands  for  the  viscous  dissipation  of  the  turbulent 
energy.  The  turbulent  energy  budget  is  plotted  in  Fig. 

12.  Here  the  dissipation  was  measured  directly,  that  is, 
— ■ — —n 

estimated  from  (du/dt)  ,  and  the  diffusion  term  was  obtain¬ 
ed  by  difference.  The  production  and  dissipation  are  Large 
in  the  near-wall  region  and  almost  in  equilibrium.  The 


Fig.  11  Balance  of  the  momentum  equation  in  the  radial 
direction.  «,  left-hand  side  of  Eq.  (21);  a,  right-hand  side 
of  Eq.  (21).  The  first,  second  and  third  terms  on  the  left- 
hand  side  of  Eq.  (21)  are  plotted  by  the  symbols  a,  o  and 
e,  respectively. 
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Fig.  12  T  irbulent  energy  budget. 

o,  production:  -(a/Uw  )uwr3(U/r)/3r, 

•,  diffusion:  -(a/U  2r)3(r<q2/2*p/o)w]/3r; 
w  3 

•,  dissipation:  -ae/U  . 
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advection  is  absent  in  this  flow,  and  the  diffusion  in  the 
outer  part  of  the  layer  is  of  the  same  order  as  the  dissipa¬ 
tion.  The  turbulent  energy  production  shown  in  Fig.  12, 
by  which  the  mean  flow  energy  is  converted  directly  into 
u-fluctuation,  is  divided  into  two  parts:  the  production 
term  for  w-energy  which  extracts  the  energy  from  u-fluctu¬ 
ation.  and  the  net  production  term  for  u-energy  which 
is  a  residual  of  the  turbulent  production  from  the  mean 
flow  energy  minus  the  production  for  the  w-energy.  Figure 
13  shows  the  variation  of  these  production  terms.  Near 
the  wall  the  u-production  is  much  larger  than  the  w-produc- 
tion,  and  in  the  middle  region  of  the  shear  layer  the  latter 
is  larger  than  the  former.  The  flux  Richardson  number 
is  anticipated  large  in  absolute  value  in  this  region. 


Statistical  Properties  of  Turbulence 


Measured  probability  density  functions  of  u-  and  w- 
fluctuations  are  presented  in  Figs.  14  a  and  b,  respectively. 
Since  the  probe  used  to  measure  the  probability  density 
function  of  w  was  a  conventional  X-probe,  it  was  impossible 
to  obtain  the  profiles  of  P(w)  in  the  vicinity  of  the  rotating 
surface.  The  probability  density  function  of  u-fluctuation 
has  a  nearly  Gaussian  profile  in  the  near  wall  region  and 
it  shows  a  rather  positively  skewed  distribution  in  the  outer 
layer.  The  profile  of  P(w)  is  positively  skewed  in  the  re¬ 
gion  of  z  ■  5  %  60  mm.  Although  it  has  a  large  kurtosis 
in  the  outer  layer,  the  skewness  is  relatively  small  in  that 
region.  It  is  remarkable  that  P(w)  shows  an  almost  similar 
profile  throughout  the  layer. 

The  profiles  of  P(u)  in  the  outer  layer  suggest  that 
the  probability  of  realization  generating  negative  fluctuation 
is  great  due  to  the  entrainment  of  the  quiescent  fluid  out¬ 
side  of  the  layer  and  intermittent  ejection  of  the  energetic 
fluid  from  the  inner  layer.  Also,  the  profile  of  P(w)  exhib¬ 
its  a  corresponding  peak  at  the  negative  side  of  w.  In 

this  turbulent  shear  flow,  which  may  also  have  a  super 

layer,  the  turbulent  region  is  confined  within  a  statistically 
definite  cylindrical  region.  The  turbulent  shear  layer  is 

expected  to  entrain  the  fluid  outside  the  layer,  so  the 
same  amount  as  with  the  entrained  fluid  should  escape 
from  the  rotating  turbulent  region  (i.e.,  some  type  of  re¬ 
verse  transition,  should  occur). 

According  to  the  proposal  of  Townsend  ]9|,  the  mter- 
mittency  y  can  be  inferred  from  the  values  of  kurtosis 
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Fig.  13  Distribution 
of  production  terms. 


Fig.  14  a,  b  Distribution  of  the  probability 
density  functions  of  u-  and  w-fluctuations. 


A  ^  < 


CONCLUDING  REMARKS 


and  skewness.  Figure  15  presents  the  distribution  of  y 

calculated  by  this  method.  The  distribution  of  y  of  the 
present  flow  deviates  extraordinarily  from  that  of  the  flat- 
plate  flow  which  is  designated  by  a  broken  line  in  the 
figure.  The  flow  on  the  flat  plate  exhibits  a  complete 
turbulent  character  in  the  inner  region,  but  in  the  shear 

layer  developing  on  the  rotating  cylinder  in  a  quiescent 
fluid,  the  value  of  y  attains  unity  in  the  very  vicinity  of 
the  rotating  surface  as  seen  from  the  figure.  This  probably 
corresponds  to  the  reverse  transition  phenomenon  as  men¬ 

tioned  above,  and  future  measurements  using  conditionally 
sampling  method  will  clarify  the  structure. 

A  series  of  auto-correlation  coefficients  of  u-fluctua- 
tion  is  shown  in  Fig.  16.  Although  it  shows  no  appreciable 
negative  value  in  the  region  of  z  »  0.5  n,  5  mm,  a  rather 
large  negative  coefficient  appears  at  the  large  time  delay 

in  the  outer  layer  which  may  be  explained  by  assuming 
big  eddies  in  that  part  of  the  layer.  Also,  the  spatial 
structure  of  the  big  eddy  exhibits  itself  in  the  distribution 
of  transverse  space-correlation  coefficient  with  zero  time 
delay  as  presented  in  Fig.  17.  In  the  near  wall  region, 
correlated  flow  field  is  narrower  than  that  of  the  outer 
layer,  where  it  may  be  said  that  the  representative  eddy 
size  is  about  60  n,  70  %  of  the  cylinder  radius. 
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Fig.  15  lntermittency  factor. 
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Fig.  16  Profiles  of  auto-correlation 
coefficients  of  u-fluctuation. 
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Fig.  17  Distribution  of  transverse  space- 
correlation  coefficients  of  u-fluctuation. 


Measurements  have  been  performed  with  regard  to 
the  mean  and  fluctuating  velocity  fields  induced  by  a  rotat¬ 
ing  cylinder  in  an  infinite  quiescent  fluid  for  nine  kinds 
of  Reynolds  numbers.  The  results  are  as  follows. 

(1)  Discussion  of  mean  velocity  field  was  undertaken, 
and  a  novel  universal  velocity  distribution  law  differing 
from  the  usual  two-dimensional  flow  was  confirmed. 

(2)  Also,  the  mean  velocity  exhibits  two  regions  where 

o 

it  shows  power  laws  proportional  to  1/r  and  1/r,  respec¬ 
tively.  The  flow  field  is  still  turbulent  in  the  1/r  region. 

(3)  The  turbulent  fluctuating  velocity  field  can  be 
well  correlated  according  to  the  same  scaling  law  as  the 

'  mean  velocity. 

(4)  The  momentum  balance  shows  the  important  role 
of  the  normal  stresses  in  the  radial  direction.  The  turbu¬ 
lent  energy  budget  has  also  been  clarified. 

(5)  Correlations  and  probability  density  functions  of 
the  fluctuating  velocity  components  have  been  measured 
and  discussed.  The  interm  ittency  distribution  gives  an 
indication  of  completely  different  turbulent  structure  from 
that  of  the  conventional  flat-plate  flow. 
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ABSTRACT 

Two  problems  related  to  ship  boundary  layers  are 
considered.  The  first  is  the  generalization  of  an 
established  three-dimensional  bounoary-layer  calcula¬ 
tion  method  to  treat  arbitrary  hulls.  This  is  used  to 
study  the  influence  of  strong  transverse  hull  curva¬ 
tures  and  sharp  keels  by  comparisons  with  experimental 
data  on  double  models.  The  second  is  concerned  with 
the  boundary  layer  along  the  intersection  of  the  free 
surface  with  the  hull.  A  simple  method  is  presented 
and  used  to  demonstrate  the  phenomenon  of  local  wave- 
induced  separation. 

INTRODUCTION 

As  evidenced  by  the  SSPA-ITTC  Workshop  (Larsson, 
1981)  and  the  EUROVISC  Workshop  (Hirschel  et  al., 
1983),  many  methods  have  been  developed  for  the 
calculation  of  three-dimensional  boundary  layers,  and 
efforts  to  improve  them  are  continuing.  It  appears 
that  the  manner  in  which  the  body  geometry  and  the 
initial  and  boundary  conditions  are  handled  play  a 
critical  role  In  determining  the  success  of  a  method, 
the  influence  of  the  turbulence  model  being  swamped  by 
other  uncertainties. 

Boundary  layers  on  ship  hulls  differ  from  those  in 
aerodynamics  in  at  least  three  respects: 

(1)  Although  the  boundary  layer  remains  thin  over 
a  large  portion  of  the  hull,  it  thickens 
rapidly  over  the  stern  leading  to  a  region  of 
strong  viscous-inviscid  interaction  even  in 
the  absence  of  separation.  Thus,  it  is 
necessary  to  establish  the  limits  of  first- 
order  boundary-layer  theory  and  identify  the 
critical  parameters  responsible  for  the 
evolution  of  the  thick  boundary  layer. 

(2)  Ship  hulls  often  contain  extensive  regions  of 
large  transverse  surface  curvature,  e.g.  along 
the  shoulders  of  flat-bottomed  full-form 
tankers,  and  slope  dicontinuities,  e.g.  along 
a  sharp  keel.  Although  these  are  excluded  in 
boundary-layer  theory,  their  effect  is  usually 
ignored  in  practical  calculations. 

(3)  The  boundary  layer  on  the  hull  is  influenced 
by  the  free-surface  waves  which,  in  turn, 
depend  upon  the  Froude  number.  Of  the  many 
methods  available  for  the  calculation  of  hull 
boundary  layers,  a  few  integral  methods  have 
been  used  at  nonzero  Froude  numbers,  but  none 
takes  into  account  the  special  features  of  tne 
flow  at  the  free  surface,  namely  the  vanishing 
of  the  velocity  component  normal  to  the  free 
surface,  local  damping  of  turbulence  in  that 
direction  and  gradients  of  the  piezometric 
head  associated  with  the  wave  elevation. 

This  paper  Is  concerned  with  these  three  aspects  of 


ship  boundary  layers. 

Part  I  considers  the  boundary-layer  development  on 
two  double  models  of  simple  ship  hulls  for  which 
extensive  data  have  been  obtained  recently.  One  of 
these  is  an  elongated  ship-like  body  whose  vertical 
cross-section  is  everywhere  elliptic,  with  an  axes 
ratio  of  3:1.  Although  there  are  no  sharp  edges,  the 
transverse  radius  of  curvature  at  the  keel  is  large. 
The  wind-tunnel  measurements  of  Groves  et  al.  (1982) 
over  the  stern  of  this  model  show  strong  viscous- 
inviscid  interaction  and  therefore  provide  an 
opportunity  to  test  the  limits  of  thin  boundary -layer 
theory.  The  second  hull  is  a  mathematical  form,  known 
as  the  Wigley  hull,  whose  vertical  and  horizontal 
cross-sections  are  parabolas.  It  has  been  used 
extensively  in  ship  hydrodynamics  to  test  various 
theories  for  wave  resistance  and  to  compare 
measurements  in  different  towing  tanks.  Also,  it  is 
one  of  four  hulls  selected  by  the  International  Towing 
Tank  Conference  for  the  Cooperative  Experimental 
Program  which  seeks  to  establish  a  firm  data  base  from 
measurements  in  towing  tanks.  The  sharp  wedge-shaped 
keel  of  this  model  raises  a  basic  question  about  the 
boundary  conditions  to  be  Imposed  there  and  their 
influence  on  the  solution.  A  similar  problem  also 
arises  at  the  waterline  when  double-body  calculations 
are  performed  for  practical  hull  forms  since  the 
sloping  sides  of  the  hull  then  imply  a  wedge  at  the 
waterline  plane  of  symmetry.  The  recent  water-channel 
measurements  of  Hatano  and  Hotta  (1982)  over  the  stern 
of  a  double  Wigley  model  are  used  to  assess  this 
aspect. 

Part  II  of  the  paper  is  concerned  with  the 
boundary  layer  at  the  intersection  of  the  wavy  free 
surface  with  the  hull.  This  is  a  preliminary  study  in 
which  attention  is  focussed  on  the  flow  at  the  free 
surface.  A  suitable  coordinate  system  for  arbitrarily 
prescribed  waves  Is  first  identified.  The  assumption 
of  small  deflections  of  tne  free  surface  across  the 
boundary  layer  then  leads  to  the  usual  small -crossflow 
approximations  and  enables  the  boundary  layer  along  the 
wave  profile  to  be  calculated  independently  of  the  flow 
below  the  free  surface.  Calculations  performed  for  the 
Wigley  hull  and  a  two-dimensional  surface-piercing 
strut  at  different  Froude  numbers  show  interesting 
wave-related  phenomena. 

PART  I.  BOUNDARY  LAYERS  ON  DOUBLE  MODELS 
(SAROA  AND  PATEL) 

l.l  Calculation  Method 

The  numerical  method  adopted  for  the  double-hull 
calculations  is  that  of  Nash  and  Scruggs  (1976)  which 
has  been  developed  further  by  Patel  and  Choi  (1980). 
The  three-dimensional  boundary-layer  equations  are 
solved  using  the  AO  I  finite-difference  scheme.  The 
turbulence  model  is  based  on  the  turbulent  kinetic- 
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energy  equation,  a  prescribed  length-scale  distribution 
and  the  assumption  that  the  directions  of  the  stress 
and  rate-of-strain  vectors  are  coincident,  laminar  as 
well  as  turbulent  boundary  layers  can  be  calculated, 
transition  being  simulated  by  activating  the  turbulence 
model  along  a  prescribed  transition  line.  The 
equations  are  solved  numerically  upto  the  wall  without 
using  any  wall  functions.  The  numerical  scheme  and  the 
turbulence  model  have  been  tested  quite  extensively  in 
earlier  applications  (Patel  and  Choi,  1980;  Patel  and 
8aek,  1983)  in  laminar,  turbulent  and  transitional 
boundary  layers  on  bodies  of  revolution  at  incidence. 

Due  to  the  simple  geometries  of  the  axi symmetric 
bodies  considered  previously,  it  was  possible  to  use 
analytical,  orthogonal,  body-fitted  coordinates.  In 
the  present  application  to  arbitrary  ship  hulls, 
greater  generality  is  achieved  by  first  dividing  the 
hull  surface  into  panels  which  are  not  necessarily 
orthogonal.  As  shown  in  Figure  1,  the  number  of  panels 
is  fixed  in  the  the  girthwise  direction  but  the  spacing 
is  arbitrary  in  both  directions.  Thus,  the  geometry 
treatment  is  quite  similar  to  that  in  some  of  the  well 
known  potential -flow  calculation  methods.  Although  the 
global  coordinates  are  not  orthogonal,  the  boundary- 
layer  equations  are  solved  in  a  locally  orthogonal 
system.  This  is  achieved  by  making  a  conical 
development  for  each  element  as  sketched  in  Figure  1 
and  described  in  detail  by  Nash  and  Scruggs  (1976). 

1.2  The  Elliptic  Hull 

The  coordinates  of  this  body  are  tabulated  in 
Groves  et  al.  (1982).  Its  major  dimensions  are  shown 
in  Figure  2.  The  potential -flow  pressure  distribution 
used  for  the  boundary-layer  calculations  was  determined 
by  the  method  of  Dawson  and  Dean  (1972)  and  provided  by 
Dr.  Huang  of  the  DTNSRDC. 

The  boundary-layer  calculations  were  performed 
with  several  different  step  sizes  to  ascertain  grid 
Independence  of  the  solutions.  The  results  discussed 
here  were  obtained  with  179  axial  steps  and  20 
girthwise  steps  over  the  half  body  below  the  minor 
axis,  as  shown  In  Figure  2.  PI  ane-of -symmetry 
conditions  were  applied  along  9*0°  and  180°  and 
therefore  the  boundary  layer  along  the  keel  (e  =90°) 
is  calculated  as  a  part  of  the  interior  solution.  The 
calculations  were  started  a  short  distance  downstream 
of  the  nose,  using  stagnation-point  velocity  profiles, 
and  transition  was  imposed  at  3  percent  of  the  body 
length.  As  in  the  experiments  of  Groves  et  al.,  the 
length  Reynolds  number  is  6  x  10°. 

Since  the  measurements  were  restricted  to  the 
stern  region  0.719  <  X/l  <  0.954,  the  performance  of 
the  calculation  method  over  a  large  part  of  the  body 
cannot  be  assessed.  The  present  solutions  showed  no 
unusual  features  and,  in  particular,  did  not  indicate 
any  forebody  separation  around  X/l  «  0.04  and 
9  *  75°,  as  had  been  predicted  by  Groves  et  al.  using 
the  method  of  Cebeci  et  al.  (1978).  However,  as 
expected  from  the  circumferential  pressure  gradients, 
the  boundary  layer  over  the  forebody  thickens  along  the 
waterline  (9  *  CP  and  180°)  and  the  divergence  of  the 
flow  along  the  keel  (  9  «  90°)  maintains  a  relatively 
thin  boundary  layer  there.  Over  the  rear,  this 
situation  is  reversed  and  the  boundary  layer  over  the 
keel  thickens.  Eventually,  the  continued  covergence  of 
the  external  flow  into  the  keel  leads  to  a  region  of 
flow  divergence  near  the  wall,  and  the  convergence  of 
the  near-wall  flow  from  both  sides  produces  a  maximum 
boundary-layer  thickness  in  the  vicinity  of  9  «  80°. 
As  shown  in  Figure  3,  this  is  already  evident  at  the 
most  upstream  measurement  station,  X/l  «  0.719. 
Continuation  of  the  solutions  further  downstream  leads 
to  a  rapid  growth  of  the  boundary  layer  along  9  ■ 
80°.  However,  as  Figure  4  shows,  the  predicted 
velocity  profiles  elsewhere  remain  in  satisfactory 
agreement  with  the  measurements.  Figures  3  and  4  also 
Indicate  that  the  measured  turbulent  kinetic  energy  is 
considerably  smaller  than  that  predicted  in  the  thick 
boundary  layer  region.  While  this  may  be  attributed  to 
the  inadequacy  of  the  turbulence  model,  it  is  felt  that 
the  local  breakdown  of  the  calculations  around  9  *  80° 


is  due  to  a  strong  viscous-inviscid  interaction.  This 
is  evident  from  Figure  5  which  shows  marked  departures 
of  the  measured  pressure  distribution  from  that 
predicted  by  potential -flow  solutions  downstream  of  X/l 
*  0.81. 

The  present  solutions  show  the  same  qualitative 
features  as  those  of  Patel  and  Baek  (1983)  on  a 
spheroid  at  incidence  and,  as  noted  there,  it  is 
unlikely  that  the  use  of  the  measured  pressure 
distribution  would  lead  to  a  dramatic  improvement  in 
the  agreement.  The  observed  disagreements  result  from 
a  general  breakdown  of  the  first-order  boundary-layer 
theory  rather  than  the  limitations  of  any  one  component 
of  the  calculation  method. 

1.3  The  Wigley  Parabolic  Hull 

The  coordinates  of  this  body  are  given  by 

o) 

i  d 

where  (x,y,z)  are  Cartesian  coordinates  with  the  origin 
at  the  centroid,  and  the  length  (L  *2 z):  beam  (2b): 
draft  (d)  ratio  is  10:1:0.625  (see  Figure  6). 
Calculations  were  performed  at  a  length  Reynolds  number 
of  8  x  10°,  corresponding  to  the  water-channel 
experiments  of  Hatano  and  Hotta  (1982). 

The  potential -flow  pressure  distribution  was 
calculated  using  the  centerplane  source-distribution 
method  of  Mil  oh  and  Landweber  (1980).  In  the  boundary- 
layer  calculations,  pi  ane-of -symmetry  conditions  were 
imposed  along  the  waterline  (z  *  0)  and  along  a  line  a 
short  distance  above  (z/d  •  0.987)  the  sharp  keel. 
Laminar  flow  initial  conditions  were  provided  just 
downstream  of  the  bow,  transition  was  imposed  at  5 
percent  of  body  length,  and  8  unequally-spaced  girth¬ 
wise  steps,  in  the  domain  0  <  z/d  <  0.987,  and  89  axial 
steps,  were  used. 

Here  also,  the  available  data  is  restricted  to  the 
stern  and  the  near  wake,  0.9  <  X/L  <  1.1  and  conse¬ 
quently  the  performance  of  the  method  can  be  judged 
only  by  comparisons  of  the  calculations  with  the  data 
in  this  region.  From  the  velocity  and  turbulent 
kinetic-energy  profiles  at  X/L  «  0.9,  shown  in  Figure 
7,  it  is  clear  that  the  calculated  velocity  profiles 
are  in  reasonable  agreement  with  measurements  except  at 
the  keel,  where  measurements  along  the  local  surface 
normal  and  in  the  plane  of  symmetry  (i.e.,  along  the 
wedge  bisector)  indicate  a  thinner  viscous  layer. 
Thus,  the  assumption  of  a  plane  of  symmetry  condition  a 
short  distance  from  the  keel  is  not  realistic  and  since 
the  streamlines  diverge  from  this  region  and  converge 
into  the  waterline  (z  =  0)  such  a  boundary  condition 
contaminates  tne  solution  over  the  entire  girth.  For 
example,  the  increasing  under  prediction  of  the 
boundary  layer  thickness  at  X/L  «  1.00  (Figure  8)  at 
all  three  girthwise  positions  away  from  the  keel  is 
presumably  due,  to  an  insufficient  crossflow  from  the 
assumed  boundary  condition  along  the  keel. 

Although  the  surface  pressure  distribution  was  not 
measured,  the  disagreement  in  the  measured  and 
calculated  edge  velocities,  particularly  at  X/L  *  1.00, 
is  indicative  of  local  viscous-inviscid  interaction. 
However,  the  velocity  profiles  measured  with  two 
different  orientations  of  the  hot-film  probe  were 
somewhat  different  and  therefore  definitive  conclusions 
could  not  be  reached  in  this  regard  from  the 
comparisons  with  the  set  of  measured  values  that  are 
shown  here. 

As  in  the  case  of  the  elliptic  hull,  the 
experimental  turbulent  kinetic  energy  is  lower  than 
predicted.  Also,  at  X/L  *  1.00,  the  measurements  show 
a  pronounced  peak  near  the  surface  and  this  is  followed 
by  a  region  of  nearly  constant  values.  This  feature 
has  been  observed  also  in  measurements  in  thick  stern 
boundary  layers  on  other  hull  forms.  A  review  of  this 
and  other  characteristics  of  thick  boundary  layers  has 
been  made  by  Patel  (1982). 
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PART  II.  BOUNDARY  LAYER  AT  THE  HULL-WAVE  INTERSECTION 
(SHAHSHAHAN  AND  PATEL) 


Equation  (8)  expresses  the  orthogonal ity 
di rections. 


II. 1  Coordinates  and  Equations 


II. 2  Solution  Procedure  and  Results 


Consider  a  hull  whose  surface  Is  given  by 
y  *  t  f(x,z)  in  the  Cartesian  coordinates  (x,y,z)  with 
origin  at  midsnips  at  the  undisturbed  waterline,  as 
shown  in  Figure  9.  Denote  the  intersection  of  the  wave 
with  the  null  by  z  *  g(x).  This  wave  porfile  is 
assumed  to  be  known  either  from  experiment  or  inviscid- 
flow  theory. 

For  the  hull  boundary  layer  along  this  wave,  we 
choose  an  orthogonal  coordinate  system  U,n,c).  in 
which  t  is  measured  along  the  wave,  n  is  normal  to  the 
hull  and  c  is  normal  to  the  free  surface;  see  Figure  9. 

The  physical  requirement  of  zero  velocity  normal 
to  the  free  surface  implies  that  within  the  boundary 
layer  the  free  surface  will  be  distorted  and  does  not 
coincide  with  the  n  coordinate.  However,  within  the 
approximations  of  first-order  boundary-layer  theory, 
tnis  distortion  can  be  related  to  a  fictitious 
crossflow  velocity  in  the  c  direction.  Thus,  to  a 
first  approximation,  we  assume  that  the  boundary  layer 
along  the  free  surface  can  be  calculated  by  the  small  - 
crossflow  equations  (see  Nash  and  Patel,  1972): 


+  !£  +  k3iu  * 0 


*  V  +  k31WU  +  kl3 
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(3) 

(4) 


where  (U.V.W)  are  the  components  of.  mean  velocity  in 
the  (C.n.c)  directions,  uv  ajid  vw  are  the  Reynolds 
stresses  and  v  is  kinematic  viscosity.  U@,  the 
velocity  in  the  £  direction  outside  the  boundary  layer 
is  related  to  the  wave  elevation  g(x)  via  the  Bernoulli 
equation: 

ue2  *  u-2  *  2V  (5) 


where  g0  is  the  acceleration  due  to  gravity  and  U_  is 
the  stream  velocity  or  ship  speed. 


The  metric  coefficients  h  ,  h 
curvatures  5  ? 
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and  the  coordinate 

(6) 


can  be  related  to  the  hull  geometry  f(x,z)  and  the  wave 
profile  g(x)  using  the  method  of  Miloh  and  Patel  (1973) 
as  follows: 
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The  smal 1 -crossflow  approximation  uncouples 
the  £-  momentum  equation  (2)  and  the  continuity 
equation  (3)  from  the  c-  momentum  equation  (4).  Hence 
(2)  and  (3)  can  be  solved  for  U  and  V,  and  then  the 
crossflow  W  can  be  determined  from  (4).  Here,  the 
equations  have  been  solved  by  the  Crank-Nicolson  method 
of  Chang  and  Patel  (1975).  For  turbulent  flow,  the 
Reynolds  stresses  are  obtained  from  the  two-layer  eddy- 
viscosity  model  and  transition  is  simulated  by  an 
intermittency  function  (see  Cebeci  and  Smith,  1974). 

Figure  10  shows  the  wave  profiles  measured  by 
Shearer  and  Cross  (1965)  on  a  towing-tank  model  of  the 
Wigley  hull  (eq.  (1)  for  z  <  0,  y  *  b  for  z  >  0)  at 
three  Froude  numbers.  Calculations  were  performed 
along  each  of  these  waves  by  starting  with  the  Blasius 
solution  a  short  distance  from  the  bow  and  imposing 
transition  at  5  percent  of  the  length  where  the  models 
were  fitted  with  tripping  devices. 

The  distributions  of  the  wall  shear-stress 
presented  in  Figure  11  clearly  indicate  the  influence 
of  the  waves.  The  strong  wave  system  at  Fr  *  0.348 
produces  a  marked  oscillation  in  the  stress 
distribution.  Note  that  the  usual  procedure  of  double¬ 
body  calculations  would  result  in  a  single  unrealistic 
prediction.  These  calculations  also  indicate  that 
there  is  no  separation  at  the  free  surface  in  the  range 
of  Froude  numbers  considered.  Thus,  the  influence  of 
Froude  number  on  the  viscous  resistance  is  felt 
primarily  through  the  changes  in  the  friction 
distribution  and  the  wetted  surface  area.  Finally, 
Figure  12  shows  the  variation  of  the  crossflow  angle 
across  the  boundary  layer  at  three  streamwise  positions 
along  the  wave  for  Fr  =■  0.348.  As  noted  earlier,  these 
may  be  regarded  as  a  measure  of  the  deflection  of  the 
free  surface  through  the  boundary  layer.  The  three 
locations  have  been  selected  to  show  the  influence  of 
the  free-surface  curvature  which  is  concave  at  x  =  2.58 
ft,  convex  at  x  *  15.64  ft  and  contains  an  inflexion 
point  at  x  »  9.35  ft.  It  is  seen  that  the  surface 
deflections  are  well  correlated  with  the  curvature 
changes.  However,  the  deflections  are  small  since  the 
body  is  slender  and  the  waves  are  not  very  steep. 

The  second  example  is  that  of  a  two-dimensional 
1.26  ft.  long  airfoil -like  strut  which  was  used  by  Chow 
(1967)  to  demonstrate  wave-induced  separation.  Figure 
13  shows  the  calculated  two-dimensional  flow  pressure 
distribution  in  an  unbounded  stream,  converted  to  a 
"wave  elevation"  using  equation  (5),  and  the  free- 
surface  profiles  measured  at  two  Froude  numbers  with 
the  strut  mounted  vertically,  piercing  the  free 
surface,  in  a  hydraulic  flume.  According  to  Chow,  the 
strut  was  designed  to  avoid  separation  in  an  unbounded 
stream,  i.e.,  at  large  depths.  However,  he  observed 
localized  separation  in  the  free  surface  experiments 
just  beyond  the  wave  troughs  (at  x  *  0.59  ft.  for  Fr  * 
0.26  and  at  x  =  0,83  ft.  for  Fr  *  0.43)  although  the 
flow  remained  attached  at  greater  depths.  Unfortu¬ 
nately,  no  further  information  is  available  to  guide 
the  boundary-layer  calculations  beyond  these  flow- 
visualization  results. 

In  view  of  the  low  Reynolds  numbers  in  these 
experiments,  the  calculations  were  performed  with  the 
stagnation-point  profile  at  the  bow,  and  transition  was 
assumed  to  take  place  at  the  pressure  minimum  in  the 
two-dimensional  case  and  at  the  first  wave  trough  in 
the  case  of  the  free  surface.  The  corresponding 
distributions  of  the  wall  shear-stress  coefficient  are 
shown  in  Figure  14.  The  results  for  two-dimensional 
flow  indicate  no  separation,  as  noted  by  Chow. 
However,  separation  is  predicted  at  x  *  0.69  ft.  for  Fr 
*  0.26  and  x  »  0.92  ft.  for  Fr  ■  0.43,  in  qualitative 
agreement  with  the  observations.  Although  the 
agreement  can  be  improved  by  manipulating  the 
transition  location,  we  believe  the  present 
calculations  are  sufficient  to  demonstrate  the 
phenomenon  of  local  separation  under  the  influence  of 
steep  free-surface  waves. 
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CONCLUSIONS 

The  two  double-body  calculations  presented  in  Part 
I  indicate  that  the  coordinate  system  used  to  describe 
arbitrary  ship  forms  is  satisfactory.  Both  demonstrate 
that  the  present  method  can  be  used  to  calculate  the 
boundary-layer  development  over  a  large  part  of  the 
hull.  The  prescription  of  the  initial  conditions  and 
transition  do  not  appear  to  present  any  special 
difficulties  for  the  examples  presented. 

Comparisons  with  the  data  over  the  two  sterns  show 
that  the  calculation  method  yields  satisfactory  results 
in  regions  where  the  boundary  layer  remains  thin.  The 
method  breaks  down  in  an  area  near  the  keel  of  the 
elliptic  stern  due  to  strong  viscous-inviscid 
interaction.  On  the  parabolic  stern,  this  interaction 
is  weak  and  confined  to  a  smaller  region  *near  the 
trailing  edge  but  the  solution  is  sensitive  to  the 
plane-of-symmetry  boundary  conditions  applied  near  the 
sharp  keel.  Since,  in  both  cases,  there  is  no  cata¬ 
strophic  failure  of  the  method,  it  is  of  interest  to 
develop  practical  criteria  which  can  be  used  to  abandon 
first-order  boundary-layer  calculations  and  adopt  more 
general  solution  procedures  for  the  flow  over  the 
stern.  Calculations  need  to  be  performed  for  other 
hull  forms  in  order  to  establish  such  criteria. 

In  Part  II  we  have  demonstrated  not  only  the 
feasibility  of  performing  boundary-layer  calculations 
along  the  intersection  of  a  prescribed  wave  with  an 
arbitrary  hull,  but  also  the  possibility  of  local 
separations  induced  by  steep  waves.  Such  separations, 
when  present,  would  imply  a  strong  interaction  between 
the  viscous  and  wave  resistance  components,  in  addition 
to  the  Influence  of  the  wave  system  on  the  frictional 
resistance.  Although  the  experimental  evidence  is 
rather  meagre,  the  theory  suggests  that  strong  bow 
waves  may  provoke  an  early  separation  with  quite 
important  consequences  in  towing-tank  tests  and  in  the 
study  of  scale  effects. 

The  generalized  geometry  treatment  used  in  Part  I 
enables  the  specification  of  boundary  conditions  along 
an  arbitrary  free  surface.  The  methodology  of  Part  II 
can  therefore  be  incorporated  to  develop  a  three- 
dimensional  boundary-layer  calculation  method  for  ship 
hulls  at  non-zero  Froude  numbers.  Such  a  study  is  in 
progress.  However,  a  major  stumbling  block  at  the 
present  time  is  the  lack  of  a  reliable  inviscid-flow 
method  that  can  be  used  to  predict  the  wave  profiles 
and  the  corresponding  hull  pressure  distribution  with 
the  accuracy  required  for  boundary-layer  calculations. 
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ABSTRACT 

The  initiation  and  maintenance  mechanism  of 
multi-cellular  secondary  currents  in  a  straight  wide- 
river  is  quite  unknown  at  present.  This  study  inves¬ 
tigated  experimentally  the  existence  of  secondary 
currencs  over  a  flat  bed  by  varying  the  aspect  ratio 
of  channel.  It  was  suggested  strongly  that  an  initia¬ 
tion  of  cellular  secondary  currents  may  be  motivated 
by  the  mutual  interaction  between  Che  secondary 
currents  and  the  sand  bed. 

INTRODUCTION  . 
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Many  river  engineers  have  hi'herto  suggested 
that  there  might  exist  cellular  secondary  currents 
in  a  straight  wide-river.  Vanoni(1946)  pointeJ  out 
that  Che  spanwise  distribution  of  sediment  concent¬ 
ration  varied  periodically  in  wide  open  cha¬ 
nnel,  and  he  inferred  that  this  fact  might 
have  been  caused  by  cellular  secondary  currencs. 
Matthes(1947)  envisaged  that  there  might  exist 
a  strong  upward-current,  like  a  tornado,  near 
the  river  bed,  and  also  that  it  developed  up 
to  the  free  surface  and  then  became  a  so-called 
'boil1  which  was  observed  as  a  vortex-ring-  s 
like  swollen  wacer  surface.  ' 

KinoshitaC 1 967 )  found  by  means  of  aerial 
stereoscopic  survey  (Cameron  effect)  of  flood 
rivers  that  a  boil  became  a  low-speed  zone 
and,  at  both  spanwise  sides  with  the  spacing 
of  evict  the  flow  depth  h,  high-speed  zones 
were  formed.  He  suggested  Chen  that  there 
might  exist  cellular  secondary  currents  in  a 
straight  river  which  had  a  pair  of  counter¬ 
rotating  screamwise  vortices  with  a  vortex 
diameter  of  about  h  (see  Fig.  0.  After  the 
flood  had  gone,  Karcz(1973)  found,  on  the  ocher  hand,  that 
longitudinal  ridges  and  troughs  which  are  called  'sand 
ribbons'  were  formed  periodically  on  the  river  bed.  Thus, 
he  suggested  an  existence  of  cellular  secondary  currencs. 

On  Che  basis  of  chase  suggestions.  Fig.  1  envisages 
a  behaviour  of  river  flow.  An  investigation  of  cellular 
secondary  currencs,  i.e.  three-dimensional  flow  patterns, 
is  very  important  in  hydraulic  engineering,  as  well  as  in 
bas  ic  hydromechanics ,  because  they  might  cause  three- 
dimensional  sediment  transport  and  bed  forms  in  river. 
However,  Che  initiation  and  maintenance  mechanisms  of 
cellular  secondary  currents  in  a  straight  wide-channel 
are  quite  unknown  at  present. 

We(1982)  have  firstly  measured  cellular  secondary 
currencs  in  straight  open-channel  flow  (Case  K:  che  channel 
width  B»30  cm,  Che  flow  depth  h»4.0  cm,  the  average  bulk 
velocity  UB“32.0  cm/s,  the  Reynolds  number  Re=hUm/v"l .3xtO“ 
and  the  Froude  number  Fr«0.51),  by  making  use  of  the  X-type 
hot-films  (DISA  55R61).  Longitudinal  ridge  elements  of  8  m 

*)  Presently  Alexander  von  Humboldt  fellow,  Inst,  of  Hydro¬ 
mechanics,  Univ.  of  Karlsruhe,  Karlsruhe,  West  Germany 


Fig.  1.  Envisaged  flow-pattern  of  multi-cellular 

secondary  currents  in  a  straight  wide  river. 
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Fig.  2.  Comparison  of  cellular  secondary  currents 

in  (a)  water-flow  witn  those  in  (p)  air-flow. 
Both  the  Reynolds  numbers  are  nearly  equal  to 

1 .3x10". 
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long  wich  a  45'-trapezoid  cross  section  of  5  m  thick  and 
20  an  wide  were  attached  onto  the  smooch  channel  bed  in 
the  spanvise  spacing  of  A»2h-8  cm.  This  simulated  the 
longicudinal  ridges  and  troughs  of  river  bedform,  i.e. 
sand  ribbons,  as  shown  in  Fig.  1.  Fig.  2(a)  shows  the 
flow  pattern  of  cellular  secondary  currents  (V,  U)  obtained 
experimentally.  A  pair  of  cellular  secondary  currents  is 
seen  clearly.  Speaking  roughly,  the  upflow  (V>0)  and  down¬ 
flow  (V<0)  appear  over  the  ridge  and  trough,  respectively, 
and  they  behave  as  a  circular  vortex  motion  in  which  the 
diaaecer  is  equal  to  h  and  che  position  of  the  circular 
center  is  nearly  equal  to  y/h*0.5.  The  upflow  is  stronger 
rather  than  the  downflow,  and  the  secondary  currents  are 
larger  near  the  bed  chan  near  che  free  surface.  These 
features  support  well  che  flow  mechanism  envisaged  by 
KinoshitaC 1967)  and  Rare 2 ( 1973) .  It  should  be  noticed 
that,  although  che  velocity  /V1  +  W*  of  the  secondary 
currents  is  within  only  SZ  of  che  maximum  mainstream 
velocity  Umax,  its  experimental  values  show  comparatively 
large  scatters.  The  experimental  values  of  the  turbulence 
quantities  indicated  also  large  scatters.  Ue  have  then 
judged  that  it  was  fairly  difficult  to  examine  the  equa¬ 
tions  of  mean  vorticity,  mean  flow  energy  and  turbulent 
energy  experimentally  and  to  discuss  the  maintenance 
mechanism  of  cellular  secondary  currents  even  qualitatively. 

Next,  we(1983  a)  could  measure  more  accurately  all 
three  components  of  the  velocity  in  air  duct  flow  ( 

Case  J:  the  half  vertical  width  h  of  the  duct,  which 
corresponds  to  the  flow  depch,  is  h»4.0  cm,  UB«5  m/s  and 
Re-1 .3x)0‘*) ,  by  making  use  of  X  hoc-wires.  In  order  to 
simulate  sand  ribbons  on  the  bed,  the  same  longitudinal 
ridge  elements  as  used  in  water  experiment  of  Fig.  2(a) 
were  attached  onto  both  the  lower  and  upper  bottoms  of 
the  duct.  Fig.  2(b)  shows  the  flow  pattern  of  secondary 
currents  in  air  flow.  It  should  be  noticed  that  the  rela¬ 
tive  magnitudes  of  the  secondary  currents  normalized  by 
Umax  are  roughly  equal  to  each  other  in  both  Case  J  (air 
duct)  and  Case  K  (water  channel)  except  for  near  the  free 
surface,  in  spite  of  the  large  difference  between  their 
absolute  values,  i.e.  Unax-540  cm/s  (Case  J)  and  Umax»3S 
cm/s  (Case  K) .  We  must  emphasize  here  that  the  intensity 
of  secondary  currents  is  surely  strengthened  near  the  free 
surface  by  its  existence  in  comparison  of  Tig.  2(a)  wich 
Fig.  2(b).  However,  the  flow  patterns  of  cellular  secon¬ 
dary  currents  are  similar  to  each  other  in  both  cases. 

Hence,  we  can  conclude  that  Case  J  makes  a  good  reproduc¬ 
tion  of  cellular  secondary  currents  in  open  channel  flow 
which  is  shown  in  Fig.  1.  Then,  its  turbulent  structure 
was  examined  through  the  equations  of  vorticity  and  mean 
flow  energy.  As  the  results,  the  Reynolds  stress  term, 
(32/3zJ-3I/3yJ)vw,  is  nearly  balanced  with  the  production 
term  of  vorticity,  32 /SySzlv^-w1")  ,  in  most  of  the  cell 
structure.  The  wall  shear  stress  becomes  larger  on  the 
troughs  chan  on  che  ridges.  A  more  detailed  discussion 
is  given  in  our  recent  paper  0983  a). 

Such  a  spanwise  non-homogeneity  of  flow  may  cause 
secondary  currents,  or  the  reverse  may  be  true.  However, 
an  initiation  mechanism  of  cellular  secondary  currents 
and  sand  ridges  over  a  uniformly  flat  channel  bed  is  quite 
unknown  at  present.  Three  posibilities  of  this  initiation 
mechanism  are  considered,  as  follows: 

(1)  The  aspect  racio  cuB/h  of  channel  must  be  selected 
as  an  even  number,  irrespective  of  wall  properties. 

It  is  only  a  kind  of  eigen-value  problem. 

(2)  An  initiation  of  cellular  secondary  currents  is 
motivated  by  the  mutual  interaction  between  the 
secondary  currents  and  che  sand  bed. 

(3)  An  existence  of  free  surface  motivates  cellular 
secondary  currents. 

On  the  basis  of  our  preliminary  water  flow  experiments 
(1982,  83  b)  and  che  numerical  calculations  of  Naoc-Rodi 
(1982)  who  cook  che  effect  of  free  surface  into  account, 
we  can  attain  a  hypothesis  chat  the  existence  of  free 
surface  is  not  an  essential  cause  of  cellular  secondary 
currents,  but  it  only  promotes  their  intensity  near  the 
free  surface,  as  seen  in  Fig.  2. 

In  the  light  of  the  above,  the  present  study  is  to 
investigate  che  existence  of  secondary  currents  over  a 
flat  solid  bed  by  varying  che  aspect  racio  aHB/h  of  channel 
and  to  examine  their  initiation  mechanism.  That  is,  we 
will  examine  experimentally  which  of  (1)  and  (2)  has  a 
more  possibility. 


Fig.  3.  Test  section  of  the  channel  and  its 
coordinate  system. 

APPARATUS  AND  PROCEDURE 

Experiments  were  conducted  in  a  straight  channel  6m 
long  with  a  rectangular  cross  section  of  8  cm  x  40  cm 
(see  Fig.  3).  Air  was  delivered  to  the  channel  by  a  centri¬ 
fugal  fan  by  way  of  a  40  cm-square  settling  chamber  165  cm 
in  length  and  a  contraction  section  100  cm  in  length. 

In  order  to  promote  che  development  of  flow,  rough  sand¬ 
papers  were  attached  onto  both  lower  and  upper  bottoms 
at  the  entrance  of  channel,  and  the  test  section  was  set 
up  at  5  m  downstream  from  its  entrance.  Two  partition 
plates  of  8  cm  wide  and  6  m  long  were  set  into  the  channel 
as  both  side-walls .and  thus  the  spanwise  width  B  of  cha¬ 
nnel  could  be  changed  arbitrary  (see  Fig.  3). 

The  half  vertical  width  h  of  channel  which  corresponds 
to  the  flow  depth  of  open  channel,  was  fixed  to  be  4.0  cm. 
In  this  experiments,  the  aspect  ratio  a=B/h  was  chosen 
to  be  equal  Co  10  (Case  A),  6  (Case  B) ,  4  (Case  E) ,  3 
(Case  D)  and  2  (Case  C) ,  as  shown  in  Fig.  3.  Of  course. 

Case  C  is  a  square-cross  channel.  The  maximum  mainstream 
velocity  Umax  Bas  fixed  to  be  7.1  m/s,  in  all  cases.  The 
Reynolds  number  Re=4RUm/v  (R  is  the  hydraulic  radius) 
became  equal  to  (3-5)  xlO1' . 

In  order  to  examine  in  detail  the  turbulent  structure 
of  secondary  currents,  the  velocity  measurements  were  done 
at  about  300  measuring  points  in  the  1/4  cross  section  of 
y-z  plane,  as  shown  in  Fig.  3.  Two  velocity  pairs  of  (u,v) 
and  (u,w)  could  be  measured  accurately  by  X-type  hot-wires 
(DISA  55P61).  The  hot-wire  signals  were  recorded  in  digital 
form  by  using  an  AD-converter ,  with  the  sampling  size 
N“20,000  and  the  sampling  frequency  f-2,000  Hz.  Then,  some 
statistical  analyses  were  carried  out  by  a  large  digital 
computer  at  the  Data  Processing  Center,  Kyoto  University. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 
Mean  Primary  Velocity 

Fig.  4  shows  the  contours  of  the  iso-velocity  of  the 
mean  primary  velocity  U(y,z)  normalized  by  Umax  in  the 
square  channel  (Case  C) .  For  a  comparison,  the  previous 
data  of  Melling  £  Whitelaw( 1976)  are  shown  at  the  right 
side  of  Fig.  They  could  measure  water  flows  in  a  square 
channel  by  making  use  of  a  Laser-Doppler  anemometer  (LDA) . 
The  present  hot-vire  data  coincide  fairly  well  wich  their 
LDA  data,  although  the  distributions  of  the  latter  are  a 
little  more  peaked  than  those  of  the  former.  This  differe¬ 
nce  may  be  due  to  the  shorter  channel  length  of  Melling  & 
Whitelaw  (i.e.  147R,  compared  with  250R  for  the  present 
experiment) .  The  iso-velocity  lines  bulge  outwards  along 
the  corner  bisector.  This  indicates  that  che  square  channel 
flow  is  three-dimensional  in  all  cross  section. 

Fig.  5  shows  the  variations  of  U(y,z)  against  the 
spanwise  direction,  z.  The  value  of  U(z)  at  che  center 
elevation  of  y/h-1.0  for  both  Cases  A  and  B  increases 
firstly  wich  z/h  and  then  attains  a  constanc.  That  is  to 
say,  the  central  zone  of  |z/hj< 3  (Case  A;  B/h— 1 0 )  and  1 
(Case  B;  B/h*6)  is  considered~to  be  a  two-dimensional  flow. 
As  defined  later,  the  diameter  Ej  of  the  bottom  vortex 
of  the  secondary  current  is  shown  in  Fig.  5.  It  should  be 
noticed  that  the  spanwise  variation  of  U(z)  has  a  somewhat 
minimum  value  at  the  position  of  ( 1  -  2)h  farther  from  the 
side-wall,  that  is,  in  the  bottom-vortex.  As  mentioned 
later,  this  minimum  position  corresponds  to  the  position 
of  an  upflow  of  secondary  current  and  a  minimum  wall  shear 
stress.  This  result  is  one  of  the  most  important  features 
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when  as  initiation  mechanism  of  cel'.ular  secondary 
currencs  is  investigated. 


Secondary  Currents  (longitudinal  Vo • tex) 

~  Fig.  6(a)-(e)  are  vector  descriptions  of  the  mean 
velocity  V  and  V  of  secondary  currents  for  all  cases. 

A  secondary  current  towards  the  comer  of  the  channel  is 
recognized  clearly  in  all  cases.  The  maximum  value  of  the 
secondary  current  velocity  Us  =  is  nearly  equal  to 

0.0151W.  which  is  in  a  good  agreement  with  the  result 
of  Melling  &  Whitelaw( 1976) .  This  value  is,  however, 
smaller  than  the  magnitude  of  the  multi-cellular  secondary 
currents  which  were  shown  in  Fig.  2. 

This  well-known  secondary  current  (we  call  it  'comer 
secondary  flow'.)  flows  along  the  comer  bisector,  i.e. 
45°-line,  irrespective  of  the  aspect  ratio  B/h,  and  it 
produces  only  a  pair  of  longitudinal  vortices.  One  vortex 
over  the  comer  bisector  is  called  'side-vortex',  and  the 
other  vortex  under  the  bisector  is  called  'bottom-vortex'. 
Of  course,  in  the  square  channel  of  Case  C,  the 
side-  and  bottom-vortices  are  well  symmetrical 
wich  each  other  in  regard  to  the  bisector. 

The  pattern  of  the  side-vortex  is  complete¬ 
ly  confined  by  che  side  wall  and  thus  it  is 
seldom  affecced  by  che  aspect  racio  a»B/h  of 
channel.  On  che  ocher  hand,  che  bottom-vortex 
is  much  affected  by  che  aspect  ratio  a.  As  a 
increases,  the  size  of  the  bottom-vortex  becomes 
larger  and  than  cends  to  attain  a  constant.  In 
order  to  evaluace  the  size  of  che  bottom-vortex, 
the  position  of  the  vortex  center  and  the  vortex- 
diameter  are  defined  as  horizontal  distances 
and  li ,  respectively,  from  the  side-wall.  1 1  and 
S.2  could  be  determined  easily  from  Fig.  6,  al¬ 
though  che  vortex-diaaieter  Hi  was  evaluated 
roughly.  These  experimental  data  are  shown  in 
Fig.  7,  together  wich  che  corresponding  Case-name. 

When  a  is  smaller  than  2,  a  side-vortex  in  che 
case  of  a  >2  can  be  regarded  as  a  bottom-vortex 
by  che  exchange  of  B  for  h.  The  vortex-diameter 
ii  increaaes  linearly  with  the  aspect  racio  a 
when  a  3.  However,  when  u  >  3,  its  increase  is 
much  suppressed,  and  then  tends  to  attain  a 
constant,  i.e.  f.j/h  *  2.  The  distance  ii  of  che 
vortex  center  is  nearly  equal  to  a  half  of 
Also,  che  elevation  of  the  vortex  center  attains 
a  half  depth,  i.e.  y/h«0.5,  with  an  increase  of 
the  aspect  ratio  a. 

We  muet  emphasize  here  that  multi-cellular 
secondary  currencs  observed  in  Figs.  1  and  2 
cannot  be  recognized  in  the  central  zone  of  Cases 
A  and  B.  This  indicates  chat  cellular  secondary 
currents  are  produced  directly  neither  by  che 
comer  secondary  flow,  nor  by  che  variation  of  the  aspect 
racio.  That  is  to  say,  the  initiation  mechanism  (0  of 
cellular  secondary  currencs  mentioned  in  che  Introduction 
is  considered  to  be  minor  posibility. 
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Fig.  4.  Comparison  of  the  present  hot-wire  data  of  U(y,z)~ 

isovel  lines  with  the  LDA  data  by  Helling  &  whitelaw. 

(a)  CASE-A  (Aspect  Ratio  B/h-10),  U/Umax 


Fig.  5.  Variations  of  mean  primary  velocity  U(y,z)  against 
the  spanwise  direction,  z. 
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Friction  Velocity  (Wall  Shear  Stress) 

Firstly,  we  have  examined  the  law  of  the  wall,  i.e. 
che  log-law,  which  is  described  by 

(J/U*  *  5.75  log  (U*y/V)  *5.5  (1). 

The  friction  velocity  U*  can  be  evaluated  by  the  least- 
square  method  so  chat  che  experimental  values  of  U  for 
U*y/v  <  .  0  may  coincide  with  Eq.  (1).  An  example  of  these 
velocity  distributions  is  plotted  in  Fig.  8  for  Case  A. 
Except  for  very  near  the  side-wall  (i.e.  Run  25),  the  mean 
primary  velocity  U(y)  agrees  very  well  with  Eq.  (1).  A 
good  agreement  could  be  also  obtained  for  the  other  cases. 
That  is,  che  log-law  is  satisfied  near  che  bed  irrespective 
of  the  existence  of  comer  secondary  flow,  although  the 
side-wall  affect  appears  farther  from  che  bed  and  near 
the  side-wall.  Therefore,  the  friction  velocity  0*2  could 
be  easily  evaluated  from  the  log-law,  and  its  spanwise 
distributions  are  shown  in  Fig.  9. 

Next,  we  have  developed  a  new  method  by  which  the 
friction  velocity  can  be  evaluated  directly.  A  single- 
sensor  hot-wire  was  set  precisely  at  y*2  tra  from  the  wall 
instead  of  a  Preston-tube,  and  its  output  voltage  E  was 
calibrated  carefully  by  the  friction  velocity  U*i  which 
was  obtained  from  che  pressure  gradient  3P/3x  of  the  cha¬ 
nnel  flow,  i.e.  U*i  s  V  R-3(-P/p)/3x  .  Then,  the  Calib¬ 


in  which  Eo  is  the  output  voltage  at  U*i”0,  and  A  and  n 
are  the  calibration  coefficients. 

By  using  the  calibration  curve  of  Eq.  (2),  che  span- 
wise  distributions  of  the  friction  velocity  U*i  could  be 
obtained  directly,  and  they  are  shown  in  Fig.  9.  The 
experimental  values  of  U^i  and  1)^2  are  normalized  by  their 
spanwise  average  values  U*i  and  U*2 ,  respectively,  in  Fig. 
9.  Then,  U*i/U*2  was  equal  to  0.98,  0.98  and  0.96  for 
Cases  A,  B  and  C,  respectively.  Both  the  distributions 
of  U*j  and  U*2  coincide  well  with  each  ocher  for  all  cases 
This  indicates  the  validity  of  the  above-mentioned  evalu¬ 
ation  methods  of  che  friction  velocity. 

For  che  square  channel  of  Cs.:e  C,  che  peak  of  che 
friction  velocity  appears  not  at  the  channel  center  z*0, 
but  at  the  position  of  iz|»0.5h.  In  the  same  manner,  che 
friction  velocity  attains  a  mild  but  important  peak  at 
the  position  of  1.2h  for  Case  A  and  0.8h  for  Case  B  from 
che  side-wall.  And  then,  it  decreases  somewhat  and  inc¬ 
reases  again  in  the  central  zone  where  a  two-dimensional 
flow  is  established  as  shown  in  Figs.  5  and  6.  Fig.  9 
shows  also  the  experimental  curves  obtained  by  leucheuss- 
er  (1963).  He  could  measure  the  friction  velocity  by  mak¬ 
ing  use  of  a  Preston  -tube  for  the  same  aspect  ratios  as 
Cases  B  and  C.  The  present  values  are  in  a  good  agreement 
wich  his  data. 

This  mild  peak  and  valley  distribution  of  the  fric- 
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cion  velocity  in  che  bottom- 
vorcex  whose  size  is  £21 
could  be  also  observed  in 
open-channel  flow  by  the 
auchors(1983  a),  although 
the  amplitude  of  peak/valley 
was  somewhat  larger  in  open- 
channel  than  in  closed  chann¬ 
el.  The  same  feature  of  che 
friction  velocity  has  been 
recently  found  by  Knight  ec 
al.(1982)  in  both  open  and 
closed  channels. 

It  should  be  noticed 
chat  che  valley  region  of  U* 
at  the  position  of  < 1  — 2)h 
from  the  side-wall  corresponds 
to  che  upflow  (V  >0)  region 
of  the  bottom-vortex  which 
is  produced  by  the  corner 
secondary  flow.  In  multi¬ 
cellular  secondary  currents 
shown  in  Fig.  2,  che  authors 
(1982,  83  a)  have  also  found 
che  same  noticeable  feature 
that  the  friction  velocity 
or  wall  shear  stress  is  dep¬ 
ressed  at  the  place  where  an 
upflow  (V>0)  occurs,  while 
it  is  promoted  at  the  place 
where  the  downflow  (V<0) 
occurs . 

Turbulence  Characteristics 

We  have  analyzed  the 
distributions  of  turbulence 

intensities  u',  v'  and  w' , _ 

and  also  Reynolds  stress  -uv 
and  -uw  for  all  cases. 

Turbulence  Intensities. 

The  present  experimental  data 
of  u',  v'  and  w'  in  the  square 
channel  have  agreed  well  with 
many  previous  data.  For  example. 

Fig.  10  shows  the  contours  of  turbulence  intensity  u ' /U„av 
in  the  square  channel,  and  its  corresponding  contours  of 
the  primary  mean  velocity  have  been  already  indicated  in 
Fig.  4.  Surely,  the  present  distribution  of  u' is  in 
a  good  agreement  with  the  result  of  Helling  S  Whitelaw 
(1976),  although  there  are  a  little  quantitative  differen¬ 
ces  between  che  two.  The  contour  lines  of  u'  are  symmetric 
with  each  other  in  regard  to  the  corner  bisector,  and  they 
bulge  more  strongly  towards  the  comer  chan  the  contour 
lines  of  the  primary  mean  velocity  U.  This  suggests  chat 
che  turbulence  intensities  are  affected  more  strongly  by 
the  corner  secondary  flow  than  the  primary  mean  velocity 
is  affected,  and  vice  versa.  A  close  interrelation  between 
the  turbulence  characteristics  and  the  secondary  currents 
can  be  explained  by  che  vorticity  equation  (e.g.  see  our 
paper  (1983  a)).  The  contour  lines  of  v'  and  w'  showed  a 
good  anti-symmetric  distribution  with  each  other  in  regard 
co  the  corner  bisector  for  che  square  channel,  which  can 
be  easily  obtained  by  its  boundary  condition.  They  also 
bulged  towards  che  corner,  although  their  bulges  were 
smaller  chan  chat  of  u'. 

Even  when  che  aspect  ratio  a  became  greater  than  2, 
the  turbulence  intensities  u',  v'  and  w'  showed  a  similar 
distribution  co  chose  of  che  square  channel  (a*2) ,  i.e. 

Fig.  10,  in  Che  side-wall  zone  whose  size  is  £2,  as  shown 
in  Fig.  7.  In  che  central  zone  where 

|*|/h  <  (8/2  -  £2) /h  »  (a-4)/2  (3), 

u'/UA,  v'/O*  and  w'/U„  indicated  a  two-dimensional  distri¬ 
bution  and  they  agreed  well  with  the  results  of  Laufer 
(1951)  which  were  obtained  at  z"0  for  the  aspect  ratio  of 
a"24, 

Reynolds  Stresses.  Fig.  11  is  the  vertical  distribu- 
cions  of  -SV/'u^ax  for  A-  Th*y  indicate  a  linear  dis¬ 

tribution  in  the  central  zone,  i.e.  1  z  | /h  <_  3  from  Eq.(3), 
and  thus  a  two-dimensional  turbulent  structure  can  be 
recognized  here  again.  The  values  of  -uv  deviate  somewhat 
upwards  from  this  linear  distribution  in  che  upflow  (V>0) 
region  of  jz  /h«3.0-3.6,  and  then  they  deviate  downwards 
from  it  due  to  the  side-wall  effect.  This  deviation  is, 
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Fig.  6.  Vector  descriptions  of  the  secondary  currents  (V,  W)  for  all  cases. 


Fig.  7.  Size  of  the  bottom-vortex. 

however,  very  small  near  che  boundaries  of  y/h«0  and  1, 
although  it  becomes  largest  near  the  half  depth  of  y/h«0.5. 
Therefore,  this  feature  suggests  an  interrelation  between 
such  a  deviation  of  -uv  and  a  vertical  mean  velocity  V. 

_Fig.  12  shows  an  example  of  the  spanwise  distribution 
of  -uw/Unax-  Of  course,  -uw  should  be  equal  co  zero  if 
any  secondary  current  does  not  exist.  This  feature  is 
satisfied  well  in  the  central  zone  of  jzi<  h,  which  is 
obtained  from  Eq .  (3)  for  Case  B.  It  should  be  noticed 
that  the  gradient  of  -uw  against  z  is  positive,  i.e. 
9(-uw)/3z  >0,  in  the  upflow  (V>0)  region  of  1 z i /h-1 .4-2.0 
(see  Fig.  6).  This  feature  could  be  also  obtained  in  the 
multi-cellular  secondary  currents  of  Fig.  2.  Then,  the 
authors  (1983  a)  verified  that  the  loss  of  mean  flow 
energy  convected  by  the  upflow  was  nearly  balanced  with 
the  gain  of  energy  done  by  the  transverse  Reynolds  stress 
-uw . 
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Vorticity.  Figs.  t3  and  14  show  the  contours  of  the 
curbulence  intensity  difference  (wT-vT)  and  the  stream- 
wise  vorticity  £j  =  (3iJ/3y-3V/3z) ,  respectively,  for  Case  A. 
The  production  term  32 (vT-wT) /3y3z  of  vorticity  is  not  at 
all  equal  to  zero  in  the  side-wall  zone,  and  as  the  resu¬ 
lt  it  produces  the  vorticity  E  only  in  this  zone,  as  seen 
in  Fig.  14.  As  has  been  expected  in  Fig.  6,  it  is  under¬ 
stood  from  Fig.  14  that  the  intensity  of  the  bottom-vortex 
is  stronger  than  that  of  the  side-vortex.  On  the  other 
hand,  in  the  central  zone  of  |zj/h£  3,  the  vorticity  is 
nearly  equal  to  zero. 

To  sum  up,  cellular  secondary  currents  are  not 
produced  in  the  central  zone  of  solid  smooth  channel  with 
the  aspect  ratio  a«B/h  >  4. 

Preliminary  Experiment  on  Initiation  Mechanism  of 
Cellular  Secondary  Currents 

The  above-mentioned  fact  suggests  strongly  that  an 
initiation  of  multi-cellular  secondary  currents  of  Fig.  1 
is  motivated  directly  neither  by  the  existence  of  side 
wall,  nor  by  the  existence  of  free  surface.  The  former 
produces  originally  the  corner  secondary  flow,  while  the 
latter  strengthens  its  flow  near  the  free  surface  (1983a). 

Therefore,  we  muse  search  the  initiation  mechanism 
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Law  of  the  wall,  i.e.  Log-law  as  a  parameter  of 
spanwise  direction  in  the  channel  of  B/h-10. 
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Fig.  10.  Comparison  of  the  present  hot-wire  data  of 
u'- iso lines  with  the  LOA  data  obtained  by 
Melling  &  Whitelaw  (1976). 
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Fig.  9.  Variations  of  friction  velocity  U*(z) 
against  the  spanwise  direction,  z. 
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Fig.  11.  Distributions  of  the  Reynolds  stress  -uv 

against  the  vertical  direction,  y,  for  Case  A. 
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Fig.  12.  Distributions  of  the  transverse  Reynolds  stress 

-uw  against  the  spanwise  direction,  z.  for  Case  8. 


Fig.  13.  Iso-lines  of  (vF-vH/UjL 
in  the  channel  of  B/h-lc 
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Fig.  H.  Iso-lines  of  the  streaimme  vorticity  E 
in  the  channel  of  B/h-10. 


of  cellular  secondary  currents 
anywhere.  Then,  we  found  an  impor¬ 
tant  feature  in  the  spanwise  dis¬ 
tribution  of  the  wall  shear  stress 
To-oU*, 

That  is, 

in  che  side-wall  zone  of  air  ducc, 
as  seen  in  Fig.  9.  This  feature 
was  also  recognized  in  open  chan¬ 
nels  by  Knight  at  a 1 . ( 1 982 )  and 
che  authors(19S3  a).  Thus,  it  is 
considered  that  this  variation  of 
is  created  by  che  comer  secon¬ 
dary  flow.  If  the  channel  is  com¬ 
posed  of  a  movable  flat-bed,  the 
sediment  transport  varies  span- 
wise  ly  in  che  side-wall  zone,  and 
as  che  result  a  first  pair  of 
longitudinal  sand  ridge  and  crough 
may  be  produced.  Of  course,  che 
peak  zone  of  UA  is  scoured  to  be¬ 
come  a  trough.  Sands  on  the  crough 
are  swept  out  boch  downstream  (by 
U)  and  at  the  side  of  the  trough 
(by  W) ,  and  then  they  are  gachered 
to  form  a  sand  ridge. 

In  order  to  simulate  this 


CflSE=  F 


Fig.  15.  Vector  descriptions  of  the  cellular  secondary  currents  ( V ,W ) 
in  the  channel  with  a  first  longitudinal  ridge  element. 


situation  and  verify  che  validity  of  this  initiation  mech- 
nics,  we  have  conducted  two  experiments  of  Cases  F  and  G, 
in  which  a  longitudinal  rod  with  a  triangular  cross  sec¬ 
tion  of  the  height  k»0.088h  was  attached  as  a  first  longi¬ 
tudinal  ridge  onto  che  bed  of  che  channel  with  the  aspect 
ratio  8/h*10  (Case  A),  as  shown  in  Fig.  3.  In  Case  F,  the 
longitudinal  rod  was  set  at  che  position  of  the  minimum 
wall  shear  stress,  which  could  be  obtained  from  Fig.  9(a). 
For  a  comparison  wich  Case  F,  its  rod  of  Case  G  was  sec 
at  the  position  of  the  maximum  downflow  (V<0) ,  which  could 
be  obtained  from  Fig.  6(a).  The  condition  of  Case  F  corre¬ 
sponds  to  the  formation  of  a  first  longitudinal  sand  ridge. 

Fig.  15  shows  the  vector  descriptions  of  the  seconda¬ 
ry  currents  (V,W)  for  Cases  F  and  G.  Its  ridge  height  k  is 
comparatively  small,  but  a  large  variation  of  the  flow 
patterns  is  recognized  in  comparison  with  Fig.  6(a).  For 
Case  F,  a  strong  upflow  (V>0)  is  created  over  the  ridge, 
and  a  new  pair  of  cellular  secondary  currents  appear  on 
each  side  of  the  ridge.  In  correspondence  to  it,  Che  wall 
shear  stress  varied  spanwisely,  and  in  cum  it  was  sugges¬ 
ted  chat  this  renewed  variation  of  wall  shear  stress  might 
produce  a  second  pair  of  longitudinal  ridge  and  trough. 

As  seen  in  Case  che  flow  pattern  of  the  secondary  cur¬ 
rents  over  che  ridge  is  similar  to  that  of  che  cellular 
secondary  currents  of  Fig.  2,  although  the  vortex  at  che 
right  side  of  the  ridge  is  yet  weaker  than  the  vortex  at 
its  left  side,  probably  because  of  the  absence  of  a  second 
longitudinal  ridge.  On  the  other  hand.  Case  G  indicates 
a  comparatively  complicated  flow  pattern.  It  should  be 
noticed  that  the  side-vortex  of  this  case  disappears  due 
to  the  existence  of  che  longitudinal  rod,  as  contrasted 
wich  Cases  A  and  F.  This  suggests  that,  if  the  longitudinal 
ridge  is  sec  on  the  bottom  near  the  corner,  the  comer 
secondary  flow  is  depressed  or  destroyed  by  its  ridge. 

From  the  above  results,  it  is  considered  that  an  ini¬ 
tiation  of  cellular  secondary  currents  is  motivated  by  che 
mutual  interaction  between  the  secondary  currents  and  che 
sand  bed.  The  wall  shear  stress  Tj  has  a  mild  peak  in  the 
side-wall  zone,  due  to  the  existence  of  the  comer  secon- 


CONCLUDiNG  REMARKS 

In  this  paper  we  have  investigated  the  existence  of 
secondary  currents  over  a  smooth  solid  bed  by  varying  the 
aspect  ratio  of  channel,  and  then  examined  their  initiat¬ 
ion  mechanism.  The  main  findings  obtained  from  the  above 
are  as  follows: 

(1)  The  present  data  of  the  turbulent  structure  in  square 
channel  coincide  well  with  the  previous  data  obtained 
by  Melling  S  Whitelaw( 1976)  and  che  others. 

(2)  A  pair  of  longitudinal  vortices,  i.e.  comer  secon¬ 
dary  flow,  appear  only  in  the  side-wall  zone. 

(3>  The  size  of  the  vortex  over  the  comer  bisector  be¬ 
comes  constant  irrespective  of  che  aspect  ratio  B/h, 
while  the  size  of  the  vortex  under  its  bisector  inc¬ 
reases  with  B/h  and  then  it  approaches  a  constant. 

(4)  Cellular  secondary  currents  are  not  produced  in  the 
central  zone  of  solid  channel  with  B/h  >  4. 

(5)  The  bed  shear  stress  attains  a  mild  peak  in  the  side- 
wall  zone. 

Among  Che  above  results,  (5)  is  the  most  important  feature 
to  explain  an  initiation  mechanism  of  the  cellular  secon¬ 
dary  currents  which  are  observed  in  straight  alluvial 
channel  flow.  A  sand  bed  of  alluvial  channel  will  be  sco¬ 
ured  initially  at  the  position  where  the  bed  shear  stress 
attains  a  peak  in  the  side-wall  zone.  As  the  result,  a 
longitudinal  sand  ridge  will  be  produced.  In  turn,  a  new 
cellular  secondary  current  will  be  created  in  the  neigh¬ 
bourhood  by  this  sand  ridge.  Eventually,  cellular  secon¬ 
dary  currents  will  be  produced  in  all  the  cross  section 
of  channel,  by  chese  mutual  interaction  of  the  flow  and 
the  bedform. 

Therefore,  more  decailed  investigations  will  be  nece¬ 
ssary  in  water  flow,  in  order  to  examine  such  a  hypothesis 
of  the  initiation  mechanism  of  cellular  secondary  currents 
and  also  the  effects  of  che  free  surface  (Froude  number) 
and  the  bed  roughness  on  it. 
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ABSTRACT 

Turbulence  measurements  are  presented  for  low 
Reynolds  number  turbulent  boundary  layers  developing  in 
a  zero  pressure  gradient.  The  effects  of  rotation  on 
these  layers  are  examined  and  a  comparison  is  made  with 
zero  rotation  results. 

INTRODUCTION 

The  present  investigation  in  the  University  of 
Melbourne  Rotating  Wind  Tunnel  is  a  continuation  of  the 
work  presented  by  Watmuff,  Witt  and  Joubert  (1983).  It 
was  shown  that  mean  velocity  profiles  measured  in  a 
boundary  layer  rotating  about  a  spanwise  axis,  were 
effected  by  the  rotation  from  the  buffer  region 
outwards.  The  data  were  empirically  descibed  in  terms  of 
a  logarthmic  law  with  altered  constants  These  constants 
were  shown  to  scale  wich  an  Ekman  number  formed  byflv/u^. 
The  experimental  arrangement  is  shown  in  Fig.  1. 


While  the  previous  work  was  done  mainly  with 
pressure  probes  and  only  a  few  profiles  were  measured 
wich  hot-wires,  now  all  profiles  have  been  taken  with 
normal  hot-wires  in  order  to  reveal  the  effect  of 
rotation  on  turbulence  quantities. 

HOT-WIRE  ANEMOMETRY 

The  anemometers  used  were  of  the  constant 
temperature  type,  as  described  by  and  Ferry  and  Morrison 
(1971a)  end  Perry  (1982)  The  wires  were  made  of 
Wollaston  wire  with  an  etched  length  of  about  1mm  and  a 
platinum  cere  of  about  '  am.  The  distance  between  wires 
in  X-wire  probes  was  oetween  0.3  and  0.7mm. 

’n  the  case  of  crossed-wlres  the  output  voltages 
were  matched  by  suitable  analogue  addition  and 
subtraction  of  eha  voltages  to  produce  signals  Eu  and  Ey 


that  were  optimally  sensitive  to  u  and  v,  respectively. 
The  adjustments  were  made  when  shaking  che  wires,  first 
in  the  streanwise  direction,  tnen  in  the  cross-stream 
direction.  The  wires  were  then  calibrated  dynamically  by 
shaking  them  sinusoidally  following  Perry  and 
Morrison  (1971b)  and  Morrison,  Perry  and  Samuel  (1972). 
This  technique  evaluates  the  system  sensitivities 
directly  without  relying  on  any  assumed  heat  transfer 
laws  or  measured  wire  angles. 

For  small  perturbation  it  is  assumed  that 


_  u  ,  v 

3u  rms  3v  rms 

3E  *  e  ’  3E  “  e 

u  u,rms  v  v,rms 


where  is  the  rms  value  of  the  velocity 

perturbation.  If  the  turbulence  intensity  at  a  point  in 
che  layer  where  a  measurement  is  taken  is  low  (  less  chan 
10'i  say)  linearity  of  the  hoc-wire  voltages  can  be 
assumed,  i.e.  the  sensicivity  is  constant  for  che  full 
perturbation,  being  equal  to  the  sensitivity  at  its  mean 
value. 

To  eliminate  one  source  of  error  in  measuring  in 
regions  wich  high  curbulence  intensity,  such  as  when 
taking  a  profile  close  to  a  wall,  the  signals  were 
passed  through  an  analogue  lineariser,  based  on  the 
following  considerations. 

The  sensitivities  3u/3E  and  3v/3Ev  , 
determined  by  che  above  mentioned  sinusoidal  shaking 
technique,  can  be  approximated  with  great  accuracy  by 
second  order  polynomials, 


and 


3u/3Eu 

3v/3E 


B  -  2CEU  -  3DEJ, 
»  R  *  SE  *  TEJ 


where  che  constants  are  evaluated  by  least  squares  curve 
fit.  Integration  of  these  expressions  gives 

E  u,Lin=  »(Eu>  "  A*“V“u  *“u 

Ev,Lin=  v(Eu-  Ev>  =  PrOEu-(R-SEv-TE'v  )E„ 

i.e.  the  linear  output  voltages  Ey  and  Ev  j.  are 
generated  by  passing  the  matched  voltages  Eu  ana  Ev 
through  an  analogue  circuit  that  generates  che  desired 
polynomials.  The  cons  ants  of  integration  are  derived 
from  static  data  points-  _ __  ___ 


After  the  lineariser  the  quantities  E 
—  i  —  —  . ■■■ .  .  u.Lin  HJ-in 

a*  a  a  at**  mascnraM  Ku  An  ana  I  Aon. 


e 1  .  ,  «  e  ,  .  ,  e  . ,  e  .  T  .  are  measured  by  an  analogue 

cJfMft,  cVplca  1 1  y ’lnteg^a^ed  over  a  period  of  30 
seconds.  The  averaged  quantities  are  then  fed  into  a 
computer  for  data  reduction. 

The  main  reason  for  processing  the  data  with 
anaLogue  circuits  is  that  it  allows  much  faster  data 
acquisition  than  sampling  the  hot-wire  voltages  with  A/D 
converters  connected  to  digital  computers.  Because  of 
the  ’ spikey’  nature  of  che  anemometer  voltages  it  is 
necessary  to  take  a  very  large  number  of  discrete 
samples  before  convergence  is  achieved  when  digital  data 


acquisition  is  used.  In  the  authors’  opinion  analogue 
data  processing  has  become  very  attractive  in  recent 
years,  due  to  improvements  in  reliability  and  accuracy 
of  modern  electronic  computational  circuits. 

The  effect  of  using  a  lineariser  versus  assuming 
that  the  sensitivity  is  constant  for  (small) 
perturbations  around  a  mean  velocity  is  shown  in  Figs.  2 
and  3  .  It  is  seen  that  the  mean  velocity  profiles 
differ  appreciably  for  the  two  methods  only  close  to  the 
wail,  i.e.  in  the  buffer  region  and  early  logarithmic 
region  where  turbulence  intensity  is  high  and  excursions 
from  the  mean  are  large,  a  small  difference  is 
discernible.  The  turbulence  intensity  is  seen  to  be 
about  5X  higher  at  the  peak  when  linearity  is  assumed 
when  compared  to  using  the  lineariser. 
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Fig.  4  Optical  arrangement  to  determine  wall  distance. 


Fig.  2  Mean  velocity  profiles  measured  with  normal 
hot-wire,  with  and  without  lineariser. 


Fig.  3  Streamwise  turbulence  intensity  measured  with  and 
without  lineariser. 

COMMENTS  ABOUT  OTHER  EXPERIMENTAL  TECHNIQUES 

To  obtain  good  collapse  of  data  close  to  the  wall 
it  is  necessary  to  determine  the  wall  distance  with 
great  accuracy.  This  was  done  by  viewing  the  wires  in  a 
microscope  with  a  graticule  in  the  eyepiece.  The 
arrangement  is  seen  in  Fig.  4  and  a  typical  photograph 
of  the  view,  without  graticule,  is  shown  in  Fig.  5  . 

It  is  estimated  chat  the  wire  can  be  placed  with  an 
accuracy  of  aoout  0.01mm.  Also  It  can  be  checked  whether 
the  wire  is  parallel  to  the  wall  -  and  some  wires  with  a 
bow  that  is  considered  coo  Large  are  rejected. 

Very  close  to  the  wall,  however,  even  a  small  bow 
in  the  wire  makes  it  difficult  to  say  exactly  where  the 
effective  centre  of  the  wire  is,  so  that  profiles 
measured  with  two  different  wires  may  not  collapse 
exactly  in  this  region. 


Fig.  5  Hot-wire  and  its  reflection  in  the  wall. 


When  the  tunnel  is  spinning  the  probe  is  slightly 
deflected,  of  the  order  of  02mm,  due  to  cencrifugal 
forces.  The  wall  distance  can  still  be  determined  with 
great  accuracy,  however,  because  of  a  small  electrical 
button  that  is  sec  up  to  just  touch  the  probe  when  the 
wall  distance  is  the  same  as  that  with  the  tunnel 
stationary.  This  contact  also  revealed  chat  vibrations 
of  the  probe  were  small,  of  the  order  of‘0.02mm  when  the 
tunnel  is  rotating. 

The  same  optical  system  was  used  to  check  chat  the 
Preston  tube  always  was  flush  againsc  the  wall. 

All  the  following  results  have  been  reduced  with 
the  wall  distance  as  measured  with  the  microscope  and 
with  the  shear  velocity  as  measured  with  a  Preston  tube 
calibrated  in  the  smooth-walled  pipe  described  in 
Henbest  (1983).  The  pipe  calibration  was  within  about 
0.57,  of  Patel's  (1965)  calibration  over  most  of  the 
range  except  for  very  low  Reynolds  numbers.  No 
alterations  at  all  were  done  to  v  or  uT  to  achieve 
smoother  data. 

COMPARISON  OF  MEAN  VELOCITY  PROFILES  MEASURED  WITH  PITOT 
TUBES  AND  HOT  WIRES 

Before  seriously  considering  the  turbulence 
quantities,  a  comparison  was  made  between  mean  velocity 
profiles  obtained  with  a  Pitot  tube  and  a  hot-wire, 
(refer  Fig.  6)  for  the  tunnel  stationary.  The  agreement 
is  seen  to  be  excellent  except  in  the  buffer  region 
where  no  attempt  of  carrying  out  a  wall  correction  on 
the  Pitot  tube  data  has  been  made.  The  hot-wires  also 
show  a  wall  effect,  only  much  closer  to  the  wall,  refer 
Fig.  7.  The  data  follow  the  trend  as  reported  by  Alcarar 
and  Mathieu  (1975).  After  the  wire  left  the  electric 
button  the  mean  velocity,  as  indicated  by  the  wire,  fell 
before  rising,  while  the  turbulence  intensity  rose  all 
the  time. 

Occasionally  a  profile  did  not  agree  with  Pitot 
cube  results  and  a  calibration  afterwards  revealed  that 
there  had  been  drift,  so  the  data  were  rejected. 

When  the  tunnel  was  rotated  the  mean  velocity 
profiles  still  showed  reasonable  agreement  with  Pitot 
tube  results,  the  largest  deviation  oct-rring  in  the 
destabilised  layer,  where  deviations  of  up  to  a  few 
percent  were  encountered, (see  Fig.  8). This  could  be 
caused  by  errors  accumulated  in  the  iterative  process 


used  co  determine  che  static  pressure  distribution, 
following  che  procedure  outlined  by  Johnston  et  al., 
(1972). 


Fig.  6  Mean  velocity  profiles  measured  with  Pitot  cube 
and  hoc-wire,  tunnel  stationary. 


RESULTS  OBTAINED  WITH  NORMAL  HOT-WIRES 

The  effect  of  rotation  at  each  streamwise  station 
on  che  streamwise  turbulence  intensity, 
non-dimensional ised  with  wall  variables,  is  shown  in 
Figs.  9a-f.  As  expected  che  destabilised  layer  shows  a 
higher  and  che  stabilised  layer  shows  a  lower  screamwise 
turbulence  intensity  in  che  outer  region  than  the 
corresponding  zero  rotation  case.  Ac  each  station  the 
inner  region  of  the  intensity  profiles  (yu x  fa  less  chan 
16)  is  the  same  for  che  stationary,  destabilised  and 
stabilised  cases  with  the  peak  value  occuring  at  the 
same  location.  Close  to  the  trip  wire  the  three  profiles 
are  still  very  similar  for  a  long  way  into  che  region 
where  the  mean  velocity  data  shows  apparent  logarithmic 
variation  with  wall  distance,  (Watmuff  et  al.(l983)). 

The  streamwise  development  of  che  streamwise 
turbulence  intensity  versus  log  yuj  /v  is  shown  in  Figs, 
lla-c.  In  spite  of  the  accurate  determination  of  wall 
distance  che  e  are  some  profiles  that  stand  out  in  the 
region  close  to  the  wall.  This  is  caused  by  the 
difficulty  in  determining  che  effective  wall  distance 
for  wires  close  to  the  wall  where  even  a  small  bow 
causes  some  uncertainty. 

*  For  the  stationary  and  stabilised  cases,  from  the 
wall  out  to  values  of  yUf  /v  of  about  40  or  50,  che 
profiles  vary  very  little  with  streamwise  distance 
and  free  scream  velocity. 

*TT*  9  I  I  I  I  I  I  I  I  I  T  I  I  I  I  I  I  I  I  . .  ,  i 


Fig-  7  Wall  effect  on  mean  velocity  and  streamwise 
turbulence  intensity  measured  with  hot-wire. 


Fig.  9a  Non-dimensional ised  streamwise  turbulence 
intensity,  free  stream  velocity  l'»  =7.5  m/s,  distance 
downstream  from  trip  wire  x  =  0.30m,  station  l,  Rq  =  6 
in  zero  rotation  layer. 

o  =  zero  rotation  layer 

6  =  destabilised  layer,  ft  =  1  rev/sec 

7  =  stabilised  layer,  ft  =  1  rev/sec 


Fig.  S  Mean  velocity  profiles  measured  with  Pitot  tube 
and  hoc-wire,  tunnel  rotating,  destabilised  layer 
( leading  edge) . 


Fig.  9b  Same  as  Fig. 9a,  x  «  0.53m.  station  2,  Rq 
in  zero  rotation  layer. 
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The  streamwise  development  for  che  stationary 
profiles  against  y/<  (  where  6  is  che  boundary  layer 
thickness)  is  shown  in  Fig.  10.  The  profiles  look  very 
similar  to  each  other  but  show  a  definite  pattern  with 
screamwise  development. 


Fig.  9c  Same  as  Fig.  9a,  x  =  0.76m,  station  3,  R$ 
in  zero  rotation  layer. 


Fig.  9d  Same  as  Fig.  9a,  x  =  0.98m,  stacion  4,  R9  =  1300 
in  zero  rotation  layer. 


Fig.  9t  Same  as  Fig.  9a,  x 
In  zero  rotacion  layer- 


yuT/v 

1.21m,  scacion  3,  R9 


Fig.  9f  Same  as  Fig.  9a,  UL  =  10ro/s.  x 
5,  R.  =  2000,  in  zero  rotation  layer. 


1.21m,  stacion 


/7.S  m/s  Last  Station 
AO  m/s  Last  Station 


7.5  m/s  • 

Increasing  / 
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Fig.  10  Non-dimensional ised  streamwise  turbulence 
intensity  versus  wall  distance  non-dimensionalised  with 
boundary  layer  thickness.  Development  with  increasing 
streamwise  distance,  7.5  m/s,  last  station  at  10  m/s. 
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Fig.  11a  Streamwise  turbulence  intensity  for  2ero 
rotation  layers.  Development  with  streamwise  distance  at 
7.5  m/s  and  last  station  at  10  m/s. 


In  che  destabilised  layers  che  influence  of 
rocacion  is  seen  co  have  an  effecc  into  che  region  below 
che  peak  values.  There  is  an  apparent  increase  in  che 
peak  values  with  increasing  screamwise  discance  until 
che  lasc  few  profiles,  which  have  similar  values.  In 
particular  che  lasc  two  scacions  at  7.5  m/ s  are  almost 
ide-  tal,  which  may  indicate  full  layer  development. 

should  be  noted,  that  Wacmuff  ec  al.(1983), 
repot,  d  thac  che  skin  friction  coefficient  for  the 
destabilised  layers  showed  large  spanwise  variations. 
These  variations  were  observed  co  be  smaller  close  to 
the  centreline  where  the  profiles  were  caken, 
nevertheless  there  could  be  some  uncertainty  in  the 
value  of  u-  . 
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Fig.  lib  Same  as  Fig.  11a,  for  stabilised  layers. 


In  the  profiles  obtained  at  a  skin  friction  maximum  and 
at  -.he  intermediate  position,  however,  there  does  not 
ap'var  to  be  any  linear  region  at  all.  The  profile  at 
che  skin  friction  maximum  shows  very  little  wake 
component,  che  profile  at  the  intermediate  position  is 
nearly  the  same  excepc  for  a  slightly  larger  wake.  The 
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Fig.  12  Off  centreline  velocity  profiles,  destabilised 
layer,  obtained  with  a  normal  hoc  wire,  x  =  1.21m, 

CL  »  7.5  m/s,  compared  co  centreline  profile. 

IL/u-  =  22.4,  lL,/uT  =  20.2,  LU/ut  =  19.2 
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Fig.  lie  Same  as  Fig.  11a,  for  destabilised  layers. 
PROFILES  OFF  THE  CENTRELINE 

As  mentioned  above,  large  periodic  spanwise 
variations  of  che  skin  friction  coefficient  occur  in  the 
destabilised  layers  for  positions  away  from  the 
centreline.  Since  the  aim  was  co  look  at  che  effect  of 
rocacion  alone,  all  the  above  profiles  were  taken  on  the 
centreline  co  avoid  che  complication  of  additional 
effects  such  as  Taylor-Coercler  vortices-  As  a  matter  of 
interest,  a  few  profiles  were  taken  off  che  cencreline 
in  che  destabilised  layer,  namely  at  positions 
corresponding  co  a  maximum  and  a  minimum  skin  friction 
position  and  at  an  intermediate  position. 

The  mean  velocity  profiles,  see  Fig.  12,  are  seen  co 
look  entirely  different  from  the  profiles  measured  on 
Che  centreline.  While  it  was  found  chat  profiles  for 
rotating  layers  had  no  region  where  che  usual 
logarithmic  law  of  the  wall  with  the  constants  0.41  and 
5.0  flcced  che  data,  there  was  always  an  often  quite 
large  region  where  some  straight  line  could  be  fitted. 


Z  yiWv  2000 

Fig.  13a  Screamwise  turbulence  intensity  corresponding 
to  mean  velocity  profiles  shown  in  Fig.  12. 


2  yur/v  2000 
Fig. 13b  Same  as  Fig.  13a,  with  mean  value  of  ut  used  to 
non-dimensiona lise  data. 


profile  at  eh*  skin  friccion  minimum  has  a  fairly  long 
section  that  appears  linear  and  it  shows  a  large  wake. 

The  turbulence  profiles  are  shown  in  Fig.  13a, 
together  with  the  profile  measured  on  the  centreline. 
Her*  the  off-centreline  profiles  have  been 
non-dimensionalised  with  the  local  value  of  the  friction 
velocity  ut and  it  can  be  seen  chat  there  is  a  large 
variation  beeween  them.  The  same  data  is  shown  in  Fig. 
13b,  non-dimensionalised  with  the  centreline  value  of 
Che  friction  velocity  (which  is  close  to  the  mean  value) 
and  ic  can  be  seen  chat  the  data  shows  less  variation 
from  the  wall  out  to  yu ^v  of  about  40  or  30.  This 
raises  Che  question  of  whac  value  of  uT  should  be  used 
to  reduce  data  when  there  are  spatial  variations  of  this 
parameter- 

X-WIRE  RESULTS 

Presently  profiles  are  being  taken  with  crossed- 
wire  probes.  The  mean  velocity  profiles  agree  very  well 
wich  those  obtained  with  normal  hoc-wires,  see  Fig.  14. 
The  screamwise  turbulence  intensity  seems  to  be  somewhat 
higher  chan  that  measured  with  the  normal  wire,  see  Fig. 
15.  This  is  not  surprising,  however,  since  che  distance 
of  che  effective  centre  of  a  X-wire  from  the  wall  is 
less  well  defined  than  the  wall  discance  of  a  normal 
hoc-wire. 

The  transverse  turbulence  intensity  and  che 
Reynolds  scress  for  a  few  experiments  in  che  stationary 
duct  are  presented  in  Figs-  16  and  17.  It  is  seen  that 


The  results  may  indicate  some  low  Reynolds  number 
effects.  As  there  is  a  lack  of  reliable  data  in  this 
form  for  low  Reynolds  number  boundary  layers,  che 
authors  are  not  sure  whether  this  is  a  real  phenomenon 
in  the  flow  or  whether  ic  is  a  property  of  che  probe  or 
instrumentation  under  these  conditions. 
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the  repeatability  is  very  high.  It  is  noted,  however, 
that  che  non-dimensionalised  Reynolds  scress  close  to 
the  wall  is  lower  than  expected.  Assuming  that  there  is 
a  small  region  of  constant  shear  stress  in  the  layer 
from  the  wall  outwards,  in  this  region  we  would  expecc 
to  find  the  non-dimensionalised  Reynolds  shear  stress 
u1 v1 /U$  to  be  close  to  unity  value  provided  viscous 
stresses  are  negligible.  In  the  region  of  validity  of 
che  logarithmic  law  of  che  wall  the  viscous  component  of 
the  shear  stress  is  less  than  4".  At  higher  free  stream 
velocities, i .e .  higher  Reynolds  numbers,  our  measured 
values  tend  to  increase  closer  to  the  unicy  value, 
see  Figs.  18,  19  and  20.  Here  some  earlier  cursory 
results  are  shown  at  three  different  free  stream 
velocities,  for  che  stabilised,  destabilised  and 
stationary  cases.  These  results  were  taken  without  using 
the  lineariser  and  chere  is  greater  uncertainty  in  che 
wall  discance.  In  all  cases  the  Reynola  stess  appears 
to  be  constant  in  che  region  where  the  mean  velocity 
profiles  show  apparent  logarithmic  variation  with  wall 
discance.  Watmuff  ec  al.  (1983)  showed  chat  this  region 
was  considerably  larger  for  the  destabilised  layers  and 
smaller  for  the  stabilised  layers  when  compared  to  the 
aero  rotation  case.  The  Reynolds  scress  profiles  are 
consistent  wich  this  observation.  Ac  each  free  stream 
velocicy  the  profiles  effected  by  rotacion  have  values 
close  to  the  aero  rotation  result  close  to  the  wall, 
within  the  experimental  uncertainty- 


wire  and  X-wire.  U.  *  7.5  m/s,  x  •  1.21  m,  R^*  1500. 


Fig.  15  Screamwise  turbulence  intensity  obtained  on  5 
different  occations  with  X-wire  probe. 


Fig.  16  Turbulence  intensity  normal  co  che  wall,  on  5 
different  occations,  corresponding  co  Fig.  15. 


dil' vent  occasions,  corresponding  to  Fig.  15. 


As  far  as  instrumentation  is  concerned  the  matched 
hot-wire  voltages  were  on  two  occasions  simultaneously 
calibrated  and  processed  by  our  analogue  system  and  with 
an  on-line  digital  computer,  using  a  non-linear  hot-wire 
voltage  inversion  program.  Similar  trends  in  the  data 
were  observed. 


Fig.  18  Reynolds  stress,  no  lineariser,  U  *  7.5  m/s,  x  * 
1.21m,  symbols  as  in  Fig.  9a. 


CONCLUSIONS 

The  low  Reynolds  number  zero  rotation  and 
stabilised  boundary  layer  streamwise  turbulence 
intensity  data  show  good  collapse  and  agreement  with 
each  other  in  the  inner  region,  independent  of 
streamwise  development  and  free  stream  velocity  when 
plotted  in  wail  coordinates.  The  results  for  the 
destabilised  layers  do  not  exhibit  this  collapse,  but 
rather  indicate  a  variation  with  streamwise  development 
for  a  considerable  distance.  The  lack  of  agreement  could 
be  due  in  part  to  the  spanwise  variation  in  skin 
friction  coefficient.  The  off-centreline  results  (where 
the  skin  friction  coefficient  shows  large  spanwise 
variations)  have  similar  values  in  the  inner  region  if 
the  mean  value  of  the  friction  velocity  is  used  to 
non-dimensional ise  the  data. 

The  crossed-wire  data  for  zero  rotation  do  not 
asymptote  to  the  expected  value  of  u' v’ /u^  *  1  in  the 
inner  region  at  low  free  stream  velocities.  The  authors 
find  that  the  asymptotic  value  is  approached  as  the  free 
stream  velocity  is  increased.  This  may  indicate  a  low 
Reynolds  number  effect  in  the  flow  but  may  very  well  be 
due  to  an  effect  on  the  crossed-wire  probe  or  the 
Preston  tube.  In  spite  of  this  anomaly  our  zero  rotation 
data  are  very  repeatable  and  indicate  a  region  of 
constant  shear  stress  The  authors  believe  that  any 
error  would  be  of  similar  magnitude  for  the  rotating 
profiles  so  that  our  data  are  likely  to  show  the  correct 
trend.  At  each  free  stream  velocity  the  profiles 
effected  by  rotation  have  values  close  to  the  zero 
rotation  results  near  the  wall,  within  experimental 
uncertainty.  There  also  appears  to  be  a  region  of 
constant  shear  stress  corresponding  to  the  region  of 
apparent  logarithmic  variation  of  mean  velocity  with 
wail  distance  reported  by  Watmuff  et  al.(l983). 
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ABSTRACT 

A  simple  model  for  the  flow  oriented  eddies  in  the 
viscous  wall  region  is  explored  which  assumes  them  to  be 
associated  with  spanwise  velocity  fluctuations  at  the 
edge  of  the  viscous  wall  region  (y+-40)  which  are  homo¬ 
geneous  in  the  flow  direction  and  have  a  period  in  the  z- 
dlrectlon  equal  to  the  observed  streak  spacing  ( \+- 1 00 ) . 
The  velocity  field  calculated  by  solving  the  unaveraged 
Navler  Stokes  equations  agrees  with  measurements.  This 
agreement  suggests  that  the  model  correctly  describes 
the  production  of  turbulent  kinetic  energy  close  to  the 
wall.  Furthermore,  an  interesting  selection  process  is 
observed  whereby  the  fluctuating  streamwlse  velocity 
field  close  to  the  wall  does  not  respond  to  all  of  Che 
frequencies  of  the  velocity  fluctuations  in  a  plane 
perpendicular  to  the  direction  of  the  mean  flow. 

INTRODUCTION 

A  number  of  studies  in  recent  years  have  shown  that 
turbulent  flow  close  to  a  solid  boundary  is  dominated  by 
coherent  structures  which  are  greatly  elongated  in  the 
direction  of  the  flow  (Laufer,  1975).  These  structures 
have  been  found  to  be  associated  with  the  production  of 
Reynolds  stress  and,  therefore,  with  the  production  of 
turbulent  kinetic  energy.  This  paper  summarises  prog¬ 
ress  made  in  this  laboratory  to  develop  a  model  for 
these  wall  eddies.  The  basic  approach  is  to  solve  for 
the  das  vanring  velocity  field  in  the  viscous  vail 
region  (0<y+<40)  by  solving  Che  unaveraged  Navisr  Stokes 
equations.  An  Important  aspect  of  this  work  is  to 
explore  the  effects  of  various  boundary  conditions  at 
y  >40  on  the  dynamics  of  Che  viscous  wall  region.  The 
immediate  purpose  is  to  establish  a  representation  of  a 
shear  flow  close  to  a  wall  which  is  consistent  with 
measurements  of  Che  turbulence  quantities  in  ths  fluid 
and  at  the  wall.  The  ultimata  goal  is  to  develop  an 
understanding  of  the  process  by  which  turbulent  energy 
is  produced  close  to  che  wall  and  how  this  process  is 
affected  by  changes  in  the  flow  conditions. 

The  calculation  is  motivated  by  the  Idealised 
model  of  the  wall  eddies  developed  by  Slrkar  and 
Hanratcy  (1970)  and,  later,  by  Fortuna  (1971).  Flow 
cloae  to  the  wall  is  pictured  to  be  dominated  by  a 
secondary  flow  homogeneous  in  the  streamwlse  direction 
of  the  type  shown  in  Figure  la.  The  secondary  flow 
brings  high  momentum  fluid  from  the  region  outside  che 
viscous  wall  region,  transfers  momentum  to  the  wall  and 
brings  low  momentum  fluid  away  from  che  wall.  These 
structures  would  thus  bs  characterised  by  a  spanwise 
variation  of  the  components  of  the  velocity  gradient  in 
the  spanwise,  *z,  and  in  the  streamwlse,  sx,  directions 
of  the  type  shown  in  Figures  lb  and  Ic.  Measurements  by 
Lee,  at  al.  (1970)  support  this  model  in  that  they  show 
the  spatial  phase  relation  between  *x  and  sz  indicated 
In  Figures  lb  and  lc. 


Figure  1. 

Idealized  coherent 
eddy  structure 


lc) 


The  basic  notion  of  the  Slrkar  and  Fortuna  model  is 
that  che  wall  structures  are  coupled  with  spanwise  velo¬ 
city  fluctuations  at  the  outer  edge  of  the  viscous  wall 
region.  Recent  measurements  by  Hogenes  (1979)  and  Lau 
(1980)  provide  support  for  this  picture.  In  these 
studies,  simultaneous  meas  .rements  of  che  velocity 
gradient  at  multiple  locations  on  the  wall  and  of  the 
velocity  field  at  multiple  locations  in  the  fluid  were 
mads.  In  this  way,  flew  patterns  away  from  che  wall 
could  be  correlated  through  conditional  sampling  tech¬ 
niques  with  coherent  structures  detected  from  the  meas¬ 
urements  of  the  velocity  gradient  at  multiple  wall 
locations.  Hogenes  and  Hanratty  (1982)  analyzed  £he 
experimental  data  of  Hogenes  and  found  chat  che  X  >100 
vail  eddies,  as  characterized  by  their  spanwise  velocity 
signature  at  the  wall,  are  controlling  the  fluctuations 
of  the  streamwlse  velocity  component  in  che  viscous  wall 
region.  An  analysis  of  Lau's  data  by  Nlkolaides  et  al. 
(1983)  showed  that  these^eddies  are  strongly  coupled 
with  spanwise  flows  aC  y  >40.  The  calculation  of  auto- 
and  cross-correlation  coefficients  of  the  streamwlse  and 
spanwise  components  of  the  velocity  also  revealed  a  high 
degree  of  coherency  throughout  the  viscous  wall  region. 

NUMERICAL  COMPUTATIONS 

Our  initial  effort  at  modeling  the  wall  eddies  has 
been  reported  by  Hatzlavramidis  and  Hanratty  (1979).  In 
this  work,  the  time  varying  Navier  Stokes  equations  were 
solved  using  a  boundary  condition  for  che  spanwise  com¬ 
ponent  of  the  velocity  at  y+«40 ,  which  is  periodic  in 
the  spanwise  direction  (X+-100)  and  which  is  periodic  in 
time  (T+*l00«perlod  between  bursts).  The  fluctuating 
velocity  in  the  streamwlse  direction  at  y+"40  was  taken 
Co  be  zero.  The  results  have  encouraged  us  to  pursue 
this  type  of  modeling  further. 
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Our  aor*  recent  work  la  an  improvement  o»ar  cha 
affort  by  Haczlavramidis  In  chat  aora  realistic  outer 
boundary  conditions  are  sought.  The  Boat  notable  change 
is  tha  use  of  randomly  varying  velociciaa  at  the  outer 
boundary. 

Because  of  cha  assuaptlon  of  hoaogenelty  In  tha 
flow  dire-  .or.  the  following  simplified  fora  of  cha 
Navler  S'.  « ;•  ■>  nations  la  used: 


|V  +V|V  +W|V  .  .i|£  +  Ji!l  +  £l\ 

Jt  3y  3«  p  3y  3^  j 

3*  +  v  —  +  wis  -  -ii£  +  vf  —  +  3f* 

at  ay  *  a*  pa*  ^  3yz  3t2 


12  +  v|2  +  win  -  v  q  +  q 

3c  3*  3t  \ay2  at2 

|v  +  |w  .  0 

3y  3s 


Equations  (1),  (2)  and  (4)  are  first  solved  in  ordar  to 
determine  the  flow  in  tha  y-z  plane.  By  eliminating  Che 
pressure  gradient  between  (1)  and  (2),  and  by  defining  a 
scream  function  to  satisfy  (4),  the  following  vorticity- 
streaa  function  formulation  is  obtained  for  the  v-w 
velocity  field: 


+  v|i  +■ 

ay 


vfi4  ♦  A 

1  »y2  3z2 


More  r«c*ntly,  a  number  of  other  boundary  condltlona 

have  been  explored  for  the  outer  boundary.  It  vaa  found 
dw 

chat  the  -r—  ■  0  condition  is  not  a  good  representation 

ay 

of  the  flow  at  y+«40.  Non  zero  tangential  stresses  in 
combination  with  strong  spanwise  flows  are  found  to  be 

neceasary  for  providing  the  right  behavior  of  the  cor- 

^  3  w 

relation  function  between  w  at  y  >40  and  a  •  — 

z  3y  y*0 

at  the  wall,  as  calculated  by  Nlkolaides,  et  al.  (1983). 

The  following  sec  of  boundary  conditions  is  used  in 
the  present  work: 


w  •  wL(t)  sin  q  ,  v  -  vL(t)  cos 


and  U  •  0,  +  u.(t)  cos  —7-  at  y  *  y  . 

la  L  A  O 


The  terms  w^(t),  v^(t)  and  u^Ct)  are  specified  from 
measurements  of  w(c),  v(t)  and  u(t)  at  y+«40 .  They  are 
selected  in  such  a  way  that 


•  0  and 


T2?  - 


.  at  at  .  ,  aw  av 

wh.r, 


Equations  (3)  and  (6)  are  solved  for  t  and  ;  and  the 
values  of  v  and  w  thus  obtained  are  used  in  (3)  to  solve 
for  the  streamwise  velocity  field. 

The  boundary  conditions  at  tha  wall  are  the  no-slip 
conditions:  v-0,  w-0 ,  U-0  at  y-0.  At  the  sides  of  the 
computational  domain  (z“0 ,  1/2)  the  spanwise  component 
of  che  velocity  1s  taken  to  be  zero  whereas  the  normal 
and  streamwise  velocity  components  are  assumed  to  attain 
extrema:  w  «  0,  —  ■  0,  -|2  “  0  at  z«0,  1/2.  At  the 
upper  boundary  (y~y0 J  of  the  computational  domain  the 
prescription  of  boundary  conditions  is  a  more  difficult 
cask.  These  boundary  conditions  specify  the  interaction 
between  the  wall  layer  and  tha  outer  flow  and  thus  in¬ 
fluence  greatly  che  calculated  features  of  che  viscous 
wall  region.  Hatzlavramldis  and  Hanratty  used  the 

following  conditions  st  y*y0:  w  *  w^  cos  -tjt  sin  2^  , 

3w 

—  •  0.  The  zero  tangential  stress  condition  was  mo ti¬ 
dy 

vaced  bjr  experimental  measurements  at  y+»40 ,  which  show 
3w2 

that  r —  •  w  •  0  and  tha  notion  chat  che  flow  at 
3y  3y 

y^lAO  is  wall-mixed  sad  superimposed  on  the  wall  layer. 


The  amplitude  is  adjusted  so  that  the  spatially  and  time 
averaged  values  of  the  squares  of  the  fluctuating  velo¬ 
cities  at  y+-40  agree  with  measurements.  The  above  con- 

3  w 

ditlons  provide  for  non-zero  —  and  for  large  values 
of  che  fluctuating  vortlclty  (. 

The  differential  equations  are  solved  by  the  ADI 
finite  difference  scheme  to  get  the  time  varying  velo¬ 
city  field.  The  calculation  is  continued  until  a  sta¬ 
tionary  randomly  varying  field  is  obtained.  The  time 
step  and  the  mesh-spacing  for  the  numerical  calculations 
were  selected  as  follows:  At+»1.,  Az+»2. ,  Ay+*1.25 
where  +  denotes  quantities  normalized  with  wall 
variables. 


DISCUSSION 

The  most  striking  feature  of  the  results  is  che 
production  of  large  magnitude  streamwise  velocity  fluc¬ 
tuations  within  Che  viscous  wall  region.  This  process 
seems  to  be  selective  in  Chat  only  low  frequency  velo¬ 
city  fluctuations  in  the  plane  perpendicular  to  the  flow 
direction  are  effective  in  producing  streamwise  turbu¬ 
lence.  Evidence  for  this  selection  process  comes  from 
an  examination  of  the  trajectories  of  inertia-free  fluid 
particles  within  the  wall  region. 
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ABSTRACT 

A  simple  aodel  for  cha  flow  orlancad  addle*  In  the 
viscous  wall  region  la  explored  which  aasuaaa  chea  to  be 
aasodaced  with  spanwlse  velocity  fluctuation*  at  the 
edge  of  the  vlacoua  wall  region  (y+-40)  which  are  hoao- 
geneoua  in  the  flow  direction  and  have  a  period  In  the  z- 
directlon  equal  to  the  obaerved  ctraak  spacing  C X+-100) . 
The  velocity  field  calculated  by  solving  the  unaveraged 
Navler  Stokes  equations  agree*  with  aaaeureeenta.  This 
agreement  suggests  that  the  aodel  correctly  describes 
the  production  of  turbulent  kinetic  energy  close  to  the 
wall.  Furthermore ,  an  Interesting  selection  process  is 
observed  whereby  the  fluctuating  streasarlae  velocity 
field  close  to  the  wall  does  not  respond  to  all  of  the 
frequencies  of  the  velocity  fluctuations  In  a  plane 
perpendicular  to  the  direction  of  the  asan  flow. 

INTRODUCTION 

A  nuaber  of  studies  in  recsnt  years  have  shown  that 
turbulent  flow  close  to  a  solid  boundary  Is  dominated  by 
coherent  structures  which  are  greatly  elongated  In  the 
direction  of  the  flow  (Laufer,  197S).  These  structures 
have  been  found  to  be  associated  with  the  production  of 
Reynolds  stress  and,  therefore,  with  the  production  of 
turbulent  kinetic  energy.  This  paper  suaaarlses  prog¬ 
ress  made  In  this  laboratory  to  develop  a  aodel  for 
these  wall  eddies.  The  basic  approach  Is  to  solve  for 
the  tlae  varying  velocity  field  In  the  viscous  wall 
region  (0<y+<40)  by  solving  the  unaveraged  Navler  Stokes 
equations.  An  Important  aspect  of  this  work  is  to 
explore  the  effects  of  various  boundary  conditions  at 
y  *40  on  Che  dynamics  of  the  viscous  wall  region.  The 
Isas diets  purpose  Is  to  establish  a  representation  of  a 
shear  flow  close  to  a  wall  which  Is  consistent  with 
measurements  of  the  turbulence  quantities  In  the  fluid 
and  at  the  wall.  The  ultimate  goal  Is  to  develop  an 
understanding  of  the  process  by  which  turbulent  energy 
is  produced  close  to  the  wall  and  how  this  process  Is 
affected  by  changes  In  the  flow  conditions. 

The  calculation  la  motivated  by  the  Idealised 
aodel  of  the  wall  eddies  developed  by  Sirkar  and 
Hanracty  (1970)  and,  later,  by  Fortune  (1971).  Flow 
close  to  the  wall  Is  pictured  to  be  dominated  by  a 
secondary  flow  homogeneous  in  the  streaawlse  direction 
of  the  type  shown  In  Flgurs  la.  The  secondary  flow 
brings  high  momentum  fluid  from  the  region  outside  the 
viscous  wall  region,  transfers  momentum  to  the  wall  and 
brings  low  momentum  fluid  away  from  the  wall.  These 
structures  would  thus  be  characterised  by  a  spanwlse 
variation  of  the  components  of  the  velocity  gradient  in 
the  spanwlse,  at,  and  In  the  streaawlse,  sx,  directions 
of  the  type  shown  In  Figures  lb  and  lc.  Measurements  by 
Lee,  et  al.  (1970)  support  this  aodel  In  that  they  show 
the  spatial  phase  relation  between  sx  and  *z  indicated 
in  Figures  lb  and  lc. 


The  basic  notion  of  the  Sirkar  and  Fortune  model  Is 
thac  Che  wall  structures  are  coupled  with  spanwlse  velo¬ 
city  fluctuations  at  the  outer  edge  of  Che  viscous  wall 
region.  Recent  measurements  by  Hogenes  (1979)  and  Lau 
(1980)  provide  support  for  this  picture.  In  these 
studies,  simultaneous  measurements  of  Che  velocity 
gradient  at  multiple  locations  on  the  wall  and  of  Che 
velocity  field  at  multiple  locations  in  the  fluid  were 
made.  In  this  way,  flow  patterns  away  from  the  wall 
could  be  correlated  through  conditional  sampling  tech¬ 
niques  with  coherent  structures  detected  from  Che  meas¬ 
urements  of  the  velocity  gradient  at  multiple  wall 
locations.  Hogenes  and  Hanracty  (1982)  analyzed  £he 
experimental  data  of  Hogenes  and  found  chat  the  X  *100 
wall  eddies,  as  characterized  by  their  spanwlse  velocity 
signature  at  the  wall,  are  controlling  Che  fluctuations 
of  Che  streaawlse  velocity  component  in  Che  viscous  wall 
region.  An  analysis  of  Lsu's  data  by  Nlkolaldes  et  al. 
(2983)  showed  chat  these^eddies  are  scrongly  coupled 
with  spanwlse  flows  at  y  *40.  The  calculation  of  auto- 
and  cross-correlation  coefficients  of  the  streaawlse  and 
spanwlse  components  of  the  velocity  also  revealed  a  high 
degree  of  coherency  throughout  the  viscous  wall  region. 

NUMERICAL  COMPUTATIONS 

Our  Initial  effort  at  modeling  the  wall  eddies  has 
been  reported  by  Hatzlavramidis  and  Hsnratty  (1979).  In 
this  work,  Che  time  varying  Navler  Stokes  equations  were 
solved  using  s  boundary  condition  for  the  spanwlse  com¬ 
ponent  of  the  velocity  at  y+*40,  which  Is  periodic  in 
the  spanwlse  direction  (X+*100)  and  which  Is  periodic  in 
tlae  (T+"100"period  between  bursts).  The  fluctuating 
velocity  In  the  streaawlse  direction  at  y+*40  was  taken 
to  be  zero.  The  results  have  encouraged  us  to  pursue 
this  type  of  modeling  further. 
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Calculated  profiles  of  the  aean  velocity  and  Rey¬ 
nolds  etrees  are  shown  In  Figure  2.  It  Is  noted  that 
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good  agreement  with  eaasureaents  Is  obtained.  This 
supports  the  notion  that  X+-100  wall  etructuraa  are 
producing  elaost  all  of  the  Reynolds  stress  In  the 
vlecoue  wall  region.  The  calculated  values  of  the 
Intensity,  the  skawnaae  end  the  flatnees  factor  of  the 
strasawlee  velocity  fluctuations  are  shown  In  Figures 
3  end  4.  Good  qualitative  egreeaent  with  ezperlaent  Is 
noted.  The  calculated  statistical  properties  of  the 
streaawlse  velocity  fluctuations  are  not  changed  aich  in 
the  region  y+<20,  If  the  boundary  condition  at  y0  on  U 
Is  taken  to  be  0"0^ ,  rather  than  what  Is  given  by  (3). 
This  Indicates  chat  essential  features  shown  In  Figures 
3  end  4  ere  not  due  to  the  superlaposed  uL(t)  at  y0  but 
are  associated  with  the  secondary  flow. 


Figure  3a. 
Intensity  of 
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The  calculated  profile  of  v  ,  shown  in  Figure  3,  Is 
In  reasonable  agreeaent  with  experiment  data,  but  shows 
values  which  are  saall  very  close  to  the  wall.  A  pos¬ 
sible  explanstlon  for  that  Is  the  neglect  of  the  —  term 
In  the  model.  It  Is  to  be  noted  that  better  agreement 

is  obtained  If  a  lower  frequency  v  signal  Is  used  at  the 

2 

outer  boundary.  The  calculated  profile  of  w  ,  shown  In 

Figure  3,  Is  not  in  good  agreeaent  with  measurements. 

Up  to  y+*5  the  agreeaent  Is  satisfactory  but  from 
+  +  2 
y  *5  up  to  y  >40  very  low  values  of  w  ere  obtained. 

It  Is  to  be  remarked  again  that  the  same  behavior  (with 

2 

soaawhat  higher  values  of  w  )  Is  obtained  If  a  lower 
frequency  w  signal  is  employed  at  y"y„.  We  believe  that 
this  behavior  Is  associated  with  the  representation  of 
the  flow  at  y+«40  with  a  single  harmonic  in  z.  The 
doalnant  eddy  pattern  for  a  single  harmonic  Is  a 
vortical  structure  whose  center  (eye)  lies  within  the 
region  15<y"N40.  The  presence  of  the  eye  of  the  eddy 
pattern  Is  responsible  for  the  low  calculated  values  of 
w  In  this  region. 
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Ha  have  explored  tha  affect  of  changing  the  acale 
of  tha  velocity  fluctuation*  at  tha  upper  boundary  on 
the  calculated  intensity  profilaa.  Batter  agraeaant  for 

i/2 

the  (v  )  profile  la  obtained  If  aona  energy  of  the 
apanwiae  fluctuation*  la  attributed  to  acalaa  larger 
than  A+"100.  Tha  only  problan  with  thi*  approach  la 
that  tha  reaultlng  *z  pattern*  at  the  wall  do  not  agree 
wall  with  naaaurananca  obtained  at  thla  laboratory.  Ha 
are  currently  lnveatlgatlng  tha  effect  of  Including 
a eall  acala  velocity  fluctuation*  on  tha  conputad 
dynaalca  and  will  report  on  thla  work  at  the  nearing . 
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ABSTRACT 

The  three  dimensional  deformation  of  an  artifi¬ 
cially  generated  line  vortex  near  a  flat  wall  is 
examined  by  means  of  flow  visualization  and  quantita¬ 
tive  conditioned  sampling  of  a  hot  wire  anemometer. 

The  vortex  is  observed  to  undergo  a  very  rapid  deforma¬ 
tion  from  the  rectilinear  form  to  a  hairpinlike  shape. 
Similar  shapes  have  been  observed  in  the  case  of  driven 
flows  in  laminar  boundary  layers.  In  the  present  case 
the  vortices  are  driven  by  a  rotor  configuration  of 
larger  scale  than  the  boundary  layer  thickness. 

INTRODUCTION 

The  dynamics  of  vortex  structures  has  been  of 
interest  to  many  researchers  for  s  variety  of  reasons. 
Much  of  the  early  interest  was  analytical  and  motivated 
by  the  ability  to  model  the  structure  in  terms  of 
inviscid  hydrodynamics.  The  ideal  vortex  structures 
were  even  employed  at  one  point  as  a  model  for  atomic 
structure  and  successfully  predicted  some  of  the 
earlier  obaervetions  of  atomic  physics.  Multiple  vor¬ 
tex  interactions  were  also  computed  and  in  some  cases 
stability  analyses  were  performed  to  reveal  potential 
naturally  occurring  vortex  configurations.  Of  course 
the  most  successful  application  of  inviscid  vortex 
structures  to  predict  an  observed  phenomena  is  the  well 
known  Kerman  Vortex  Street  analysis.  Karman  (1911)  was 
able  to  predict,  by  actually  computing  the  effect  of  a 
number  of  vortices  on  each  ocher,  that  only  a  very 
specific  spacing  of  vorcicea  would  yield  a  stable  con¬ 
figuration. 

Most  of  the  early  vortex  analyses  and  experiments 
concerned  free  vortices  (i.e.  those  removed  from  wall 
boundaries).  This  allowed  the  structure  to  be  treated 
inviscidly.  Most  of  these  vortex  structures  were  ring 
vortices  and  have  been  reviewed  by  Zaroodny  (1973). 

The  dynamics  of  vortex  ring  motion  has  been 
analysed  inviscidly  by  Arms  and  Hama  (1965).  An  exper¬ 
imental  and  analytical  treatment  was  performed  by  Viets 
and  Sforsa  (1972)  trfio  employed  a  viscous  model  due  to 
Rankins  (1858).  More  recent  fully  viscous  analyses  are 
due  to  Widnall  (1975)  end  Saffman  (1978)  and  have  been 
reviewed  by  Saffman  and  Baker  (1979). 

The  objective  of  the  present  paper  is  to  examine 
the  three  dimensional  vortex  dynamics  near  a  wall.  The 
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methods  employed  for  the  prediction  of  vortex  dynamics 
far  from  a  wall  will  be  directly  applicable  if  one  is 
willing  to  model  the  wall  in  an  inviscid  fashion.  Then 
the  inviscid  wall  would  amount  to  a  plane  of  symmetry 
in  the  analysis. 

VORTEX  NEAR  A  WALL 

The  initial  studies  of  vortex  structure  near  a 
wall  were  driven  by  the  interest  in  boundary  layer 
transition.  The  initial  stability  predictions  of 
Tollmien  (1929)  and  later  Schlichting  (1935)  were  veri¬ 
fied  by  the  classical  experiment  of  Schubauer  and 
Skramstad  (1947)  who  employed  an  electromagnecical ly 
oscillating  ribbon  in  a  laminar  flow.  The  magnitude 
and  frequency  of  the  oscillation  were  controlled  as 
well  as  Che  Reynolds  number  of  the  flow.  The  results, 
in  terms  of  a  stability  diagram,  are  very  well  pre¬ 
dicted  by  Tollmien' s  (1929)  analysis. 

Perhaps  more  interesting,  from  the  point  of  view 
of  vortax  dynamics  in  Che  vicinity  of  a  wall,  is  Che 
structure  of  the  unsteady  flow  produced  near  Che 
surface.  As  calculated  by  Schlichting  (1968)  for  a 
neutral  (i.e.  neither  growing  nor  decaying) 
disturbance,  the  closed  streamlines  exhibit  a  vortex- 
like  structure  which  is  convected  in  the  screamwise 
direction.  This  structure  has  been  named  Tollmien- 
Schlichcing  waves.  Some  excellent  photographic 
evidence  of  this  structure  behind  a  driven  oscillating 
ribbon  of  the  type  employed  by  Schubauer  and  Skramstad 
(1947)  has  been  obtained  by  Wortmann  (1977). 

The  deformation  process  of  a  straight  vorcex  line 
of  Che  Tollmien-Schlichcing  type  has  been  conceptualized 
by  Hinze  (1975).  The  vortex  distorts  slightly  and  this 
small  distortion  is  amplified  by  Che  self-induced  velo¬ 
city  distribution  setup  by  Che  vortex.  The  region  of 
highest  curvature  of  Che  vortex  has  Che  highesC  self- 
induced  velocity.  Thus  the  loop  in  the  vortex  is  pro¬ 
pelled  fastest  from  Che  well  and  thus  finds  itself  in  a 
higher  streamvise  velocity  region.  The  loop  is  then 
convected  faster  in  Che  streamvise  direction  chan  the 
straight  portion  deeper  within  Che  boundary  layer  and 
che  vortex  filiment  is  screeched  until,  by  a  mechanism 
which  is  noc  fully  understood,  it  is  said  to  "burst". 
This  mechanism  is  currently  being  called  into  question 
as  Che  actual  process  leading  to  boundary  layer  transi¬ 
tion.  Some  recent  evidence  indicates  chat  Che  initially 
turbulent  region  (or  "spot")  is  actually  composed  of 
numerous  vortex  filiments  instead  of  a  single  deformed 
vortex.  However,  from  the  present  point  of  view  of 
vortex  dynamics  near  a  wall,  Che  model  still  offers  a 
rational  deformation  process  in  s  boundary  layer. 

Various  investigators  have  attempted  to  model  the 
transition  process  both  analytically  and  experimentally. 
Coles  snd  Bsrker  (1975)  produced  a  turbulent  spot  by 
causing  a  disturbance  in  a  laminar  boundary  layer  with 
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an  intermittent  jac  perpendicular  Co  che  vail.  The  cwo 
diaenaional  slice  through  Che  spot  looked  very  much 
like  a  convecced  vortex.  Another  investigation  of  a 
synthetic  turbulent  spot  was  performed  by  Haritonidis, 
Kaplan  and  Wygnanski  (1978).  A  spark  crip  was  employed 
and  vorcex-like  structures  ware  found  in  the  boundary 
layer. 

A  viscous  vortex  model  which  results  in  the  on¬ 
going  production  of  new  vorticity,  was  developed  by 
Doligalski,  Smith  and  Walker  (1980).  In  this  model, 
che  existence  of  the  vortex  caused  an  erupting  of  fluid 
from  che  wall  region  which  then  curls  up  and  produces  a 
vortex  structure  of  like  sign. 

Although  it  appears  probable  that  che  turbulent 
spot  is  not  composed  of  a  single  vortex  but  rather  a 
number  of  vortices,  Che  dynamics  of  single  vortices  are 
required  to  treat  che  multiple  vortex  problem.  In 
addition,  che  question  of  vortex  deformation  near  a 
wall  is  of  interest  in  relation  to  che  energization  of 
wall  layers  and  che  characteristics  of  unsteady  flows. 
As  will  be  discussed,  the  rocor  device  employed  in  che 
current  investigation  has  been  successfully  applied  to 
various  situations  where  unsteady  flow  was  found  to 
have  a  beneficial  effect. 

Thus  the  objective  of  the  study  is  to  identify  the 
deformation  of  an  initially  rectilinear  vortex 
structure  near  a  wall.  The  two  techniques  employed  in 
che  study  are  flow  visualization  and  conditioned  sam¬ 
pling  of  a  hoc  wire  anemometer  signal.  The  scale  of 
che  experiment  is  greater  than  the  scale  of  che 
boundary  layer  thickness. 

THE  FLOWFIELD  GEOMETRY 

Various  techniques  are  possible  to  generate  the 
initially  rectilinear  vortex.  The  vibrating  ribbon 
employed  by  Schubauer  and  Skramscad  (1947)  is  one 
possibility  which  has  been  discussed'.  However,  in  the 
present  experiment,  the  objective  is  to  operate  at  a 
larger  scale  chan  the  previous  vibrating  ribbon - experi¬ 
ments.  Another  possibility  is  a  technique  employed  by 
Francis  et.  al.  (1979)  in  their  study  of  vorticity 
generated  on  che  upper  surface  of  an  airfoil.  In  Chat 
case,  che  basic  mechanism  is  a  place,  positioned  per 
pendicularly  to  the  surface.  The  place  alternately 
extends  from  and  retracts  into  che  surface.  Each  time 
che  place  is  extended  it  creates  a  recirculation  region 
behind  itself.  This  region  is  shed  and  c  -  >;ted  down¬ 
stream  each  time  che  place  is  retracted  into  che 
surface. 
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Figure  1.  Schematic  of  the  vortex  flow  generated 
by  a  cam  shaped  rocor. 

From  che  present  point  of  view,  it  is' desirable  to 
have  control  over  the  strength  of  che  vorticity  pro¬ 
duced  and  thus  the  flat  plate  is  declined  in  favor  of 
the  rocor  geometry  shown  in  Figure  1.  The  rotor  has  a 
discontinuity  in  its  radius  at  the  cusp  shape.  The 


mean  flow  is  from  left  to  right.  If  che  rocor  turns  in 
a  countarclockwise  direction,  che  rotor  tip  appears 
periodically  above  the  surface.  Each  time  che  cusp  tip 
is  exposed  to  the  mean  flow,  a  transverse  vortex  (turn¬ 
ing  in  the  clockwise  direction)  is  produced,  lying 
parallel  co  the  surface  and  perpendicular  co  the  mean 
flow.  The  strength  of  che  vortex  so  produced  is  pro¬ 
portional  co  the  relative  velocity  between  the  rotor 
tip  and  the  mean  flow.  Thus  control  over  che  vortex 
strength  can  be  achieved  by  simply  changing  che  rota¬ 
tional  speed  of  the  rotor,  including  che  possibility  of 
turning  che  rotor  in  a  clockwise  direction. 

The  rotor  geometry  in  Figure  1  has  been  employed 
co  study  the  vorticity  produced  as  a  quaei-two-dimen- 
sional  structure  in  Viets,  et.  al.  (1981b).  Only 
cancer  line  data  was  taken. 

In  addition  co  a  detailed  examination  of  che  vor¬ 
tex  structure  produced  by  the  rocor,  che  geometry  has 
been  applied  co  various  problems,  including  che  control 
of  Che  flow  over  an  airfoil,  avoiding  separation  over  a 
rearward  facing  ramp,  driving  che  flow  in  a  dump  com¬ 
bustor  and  studying  the  properties  of  convecced  struc¬ 
tures.  These  problems  are  discussed  in  che  References. 
Each  of  the  potential  applications  will  be  strongly 
effected  by  the  three  dimensional  nature  of  the  vortex 
flow  and  thus  che  dynamics  of  this  structure  must  be 
understood  and  predictable. 

FLOW  VISUALIZATION  RESULTS 

a.  The  choice  of  rotor  speed. 

The  visualization  of  the  flowfield  is  accomplished 
by  the  use  of  entrained  kerosene  vapor.  The  kerosene 
is  vaporized  by  slowly  dripping  it  on  an  inclined 
heated  flat  plate  where  it  is  vaporized  and  forced 
through  a  series  of  tubes  which  end  at  the  inlet  to  Che 
wind  tunnel.  Here  the  vapor  is  entrained  into  the 
tunnel,  yielding  the  streaklines  of  che  flowfield. 

The  initial  study  of  che  centerline  plane  was 
conducted  at  a  rocor  speed  of  3000  rpm  (in  the  counter¬ 
clockwise  diretion)  resulting  in  a  velocity  ratio  of 
2.0  relative  to  the  freestream  velocity.  There  are  two 
problems  with  Che  3000  rpm  results  from  the  point  of 
view  of  studying  the  three  dimensional  vortex  struc¬ 
ture.  One  is  chat  che  vortex  scale  is  large,  making  it 
difficult  to  follow  the  details  of  the  rather  diffuse 
vortex.  The  second  is  that  the  vortices  are  relatively 
closely  spaced,  being  only  one  transverse  scale  apart. 
This  might  create  some  problems  in  detecting  influence 
of  one  vortex  on  anocher.  For  these  reasons  it  was 
determined  that  a  lower  frequency  would  be  preferable. 
In  addition,  a  well  formed  vortex  was  desired  which  led 
to  the  study  illustrated  in  Figure  2,  where  the  rotor 
is  turning  in  a  clockwise  direction,  as  denoted  by  the 
negative  sign.  The  angle  9  is  measured  clockwise  from 
the  rotor  posicion  when  the  cusp  is  directly  above  che 


At  a  phase  angle  of  9  *  30°  the  rotor  position 
is  such  that  the  cusp  point  is  rotated  30°  from  the 
upright  position.  For  various  rotational  speeds  be¬ 
tween  -600  and  -3000  rpm,  che  flowfields  are  shown  in 
Figure  2.  In  each  case  it  is  clear  that  a  vortex  ro¬ 
tating  in  the  clockwise  direction  is  produced,  indi¬ 
cating  that  the  freestream  velocity,  nominally  12  m/sec, 
is  greater  chan  the  tip  speed  of  the  cusp  shape.  A 
possible  exception  is  the  case  at  -3000  rpm  where  the 
vortex  is  very  weak  or  non-existent  since  the  tip  speed 
is  approximately  equal  co  che  nominal  freestream 
velocity. 

From  Figure  2,  the  choice  of  a  rotational  speed  is 
made.  The  objective  is  a  well  formed  vortex  wich  a 
scale  that  is  reasonable  for  the  cunnel  scale.  A 
rotational  speed  of  -1600  rpm  is  chose-.i  on  this 
basis,  resulting  in  a  velocity  ratio  of  .5  between  the 
tip  speed  and  freestream  velocicy. 

b.  Vortex  generation. 

In  order  to  illustrate  the  vortex  generation  pro¬ 
cess  employing  the  rotor  turning  in  the  clockwise  di- 
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rictioQ|  Figure  3  shove  the  flovfield  for  vsrious  phase 
angles.  Ac  zero  degress  the  curling  up  of  Che  smoke 
screaklines  behind  the  cusp  shape  is  clear.  A  second- 
ary  frequency  is  evident  on  the  smoke line  end  may  be 
delated  to  an  instability  of  the  flow.  As  the  phase 
angle  increases,  the  vortex  moves  dovnstresm  and  at  a 
phase  angle  of  45°  the  vortex  interacts  with  the 
corner  of  the  downstream  place  behind  the  rotor.  By  a 
phase  angle  of  67.5°  the  vortex  is  more  clearly  de-- 
fined  and  by  90°  the  vorcex  is  no  longer  evident. 

This  is  the  first  indication  of  the  chree-dimenaional- 
it  y  of  the  flow,  since  the  plane  in  which  the  photo¬ 
graphs  are  caken  is  not  Che  centerline  of  the  tunnel 
but  racher  a  plane  closer  to  the  far  vail. 
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Figure  2.  Formation  (at  9  •  30°)  of  the  vortices 
formed  at  various  rotor  speeds,  all  in 
the  clockwise  direction. 

The  data  planes  considered  in  the  present  investi¬ 
gation  are  shovn  in  Figure  4.  In  addition  to  the 
centerline  plane,  there  are  planes  at  five  and  ten 
centimeters  to  either  side  of  Che  centerline.  The 
photographs  of  Figure  3  are  taken  in  plane  -4  (four 
rotor  step  heights  from  the  centerline) .  The  reason 
that  Che  vortex  seems  to  diseppeer  into  a  cloud  of 
smoke  at  a  phase  angle  of  90°  is  simply  chat  the 
vorcex  axis  has  shifted  to  an  orientation  more  nearly 
perpendicular  co  Che  vail.  Farther  downstream 
additional  planes  are  examined  including  chose  labeled 
*  1  (♦  one  step  height  from  the  centerline)  and  _♦  3.5 
T3.5  Tcep  heights  from  Che  centerline). 

c.  Visualization  in  various  planes. 

The  phase  angle  9  *  120°  is  chosen  to  illustrate 
the  three  dimensionality  of  Che  vortex  structure  in 
Figures  5  and  6.  The  flovfield  in  the  centerline  plane 
of  the  tunnel  is  shovn  in  Figure  5  where  a  discrete 
vorcex  may  be  identified  at  X  *  6.  In  Che  next  figure, 
Che  same  flovfield  is  shovn  in  the  off  axis  planes.  At 
Che  outermost  planes,  (Z  *  ^  4) ,  the  effect  of  Che 
vortex  it  much  reduced  in  t~ale  and  even  the  smaller 
structures  are  located  much  closer  to  Che  vail  chan  is 
the  case  in  the  centerline  plane. 

d.  Three  dimensional  structure. 

To  characterize  the  typical  deformation  process  of 
the  initially  rectilinear  vortex,  the  portion  near  the 
centerline  rises  more  rapidly  off  the  wall  than  those 
elements  away  from  the  centerline.  The  effect  is  to 
produce  a  horseshoe- like  shape  of  vortex  with  the  ends 


of  the  horseshoe  on  the  wall  or  attached  to  vorcex 
elements  chat  still  have  some  of  the  rectilinear  char¬ 
acter  end  remain  parallel  to  the  wall  as  shovn  in  Figure 
7.  As  the  following  data  will  show,  these  vorcex  elem¬ 
ents  may  be  found  by  flow  visualization,  but  they 
bacon*  progressively  more  difficult  to  locate  in  a 
quantitative  fashion. 
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Figure  3.  Vortex  formation  at  various  phase  angles. 


Figure  4.  Experimental  schematic. 


Figure  5.  Flew  visualization  in  the  2*0  centerline 
plane  with  the  phase  angle  9  ■  120°. 

The  general  deformation  shovn  in  Figure  7  based  on 
flow  visualization  is  similar  to  that  in  a  transition¬ 
ing  laminar  boundary  layer,  but  Che  scales  are  entirely 
different.  It  is  interesting  to  note,  however  that  the 
dynamic  character  of  the  vortices  is  apparently  not 
dependent  upon  the  different  scales. 
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Figure  6.  Flow  visualization  in  ch*  Z  *  +4  plan*  with 
the  phase  angle  9  ■  120°. 
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data  is  conditioned  by  the  circuitry  shown  schemaci- 
cally  in  Viets,  Piatt  and  Ball,  (1981b).  The  position 
of  the  rotor  is  determined  by  a  magnetic  pickup  and 
this  information  is  used  to  cllow  the  circuitry  to 
accept  or  reject  the  hot  wire  signal.  Only  chose 
signals  generated  at  a  given  phase  position  are 
accepted.  Thus  the  entire  flowfield  ac  any  phase  angle 
can  be  obtained  and  specific  examples  are  analyzed  in 
this  section  to  verify  and  quantify  Che  results  of  the 
flow  visualization. 
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Figure  8.  Vortex  trajectories  in  the  centerline  plane 
( O )  and  in  the  Z  *  ♦  4  plane  (  □  ) . 


In  order  to  identify  a  convecced  vortex  structure, 
a  coordinate  frame  moving  with  that  structure  may  first 
be  found.  In  that  new  coordinate  frame,  the  structure 
will  be  very  apparent  and  can  be  found  with  little 
difficulty.  However  the  difficulty  is  to  find  Che 
correct  coordinate  frame. 
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Figure  7.  Schematic  of  the  vortex  deformation  based  on 
the  flow  visualization  results. 

When  the  flow  visualization  illust.-ated  in  Figures  • 
5  and  6  is  repeated  for  various  phase  angles  of  Che 
vortex  generator,  the  vortex  structures  can  be 
identified  and  the  position  of  the  vortices  plotted  in 
spece  at  various  times.  In  this  way  the  trajectories 
of  the  vortices  can  be  identified  and  compared  to  the 
schematic  of  Figure  7. 

The  vortex  trajectories  identified  by  flow  visual¬ 
ization  in  the  centerline  plan*  and  the  7*^4  planes 
is  shown  in  Figure  8.  The  circular  data  points  indi¬ 
cate  ch*  centerline  trajectory  while  the  square  symbols 
refer  to  the  trajectories  in  the  outer  planes.  The 
phase  angles  corresponding  to  each  data  point  are  so 
indicated.  The  centerline  portion  of  the  vortex  rises 
very  rapidly  while  the  outer  portions  of  the  vortex 
rise  very  little.  The  resulting  shape  is  very  similar 
to  that  of  Figure  7.  The  only  difference  it  that  the 
vortex  loops  in  Figure  7  are  inclined  in  the  streamwise 
direction  while  the  implication  of  Figure  8  is  that  Che 
loops  are  relatively  perpendicular  to  the  wall.  This 
difference  is  simply  due  to  the  scale  of  the  boundary 
layer  relative  to  ch*  scale  of  Ch*  vortex  height  above 
the  plate.  If  the  scales  are  comparable,  the  vortex 
rises  into  a  higher  velocity  region  and  the  uppermost 
portions  of  the  vortex  are  converted  downstream  st  a 
higher  velocity  than  the  lower  portion.  Thus  the 
resulting  structure  will  be  inclined  in  the  downstream 
direction.  In  ch*  present  case,  the  boundary  layer 
thickness  is  small  compared  to  Ch*  vortex  scale,  being 
less  than  a  fourth  of  the  height  of  the  vortex  gener¬ 
ator.  Thus  the  vortex  deforms  but  is  converted  as  a 
relative  unit.  Additional  experiments  currently  under¬ 
way  will  include  ch*  effect  of  a  varying  boundary  layer 
thickness,  including  the  case  where  the  rotor  generator 
is  entirely  submerged  in  the  boundary  layer. 

QOAimTATm  results 

The  quantitative  flowfield  data  was  obtained  by  a 
Flow  Corporation  (now  Dataaecrics)  Model  900  constant 
temperature  hot  wire  anemometer  in  conjunction  with  e 
pair  of  Thermo  Systems,  Inc.  linaarisert.  In  order  to 
obtaia  the  instantaneous  velocity  field,  the  hot  wire 


Bethke  and  Viets  (1980,1983)  have  identified  two 
alternate  methods  to  identify  convected  vortex  struc¬ 
tures.  The  first  is  based  on  discrete  Fourier  trans¬ 
formations  while  the  second  involves  the  decompos.  ion 
of  the  flow  into  fundamental  structures.  An  example  of 
the  application  of  the  latter  technique  is  shown  in  an 
upcoming  section. 

a.  Quantitative  flow  structure,  9  >  120°. 

According  to  che  flow  visualization  results  of 
Figure  8,  the  centerline  plane  shows  evidence  of  a 
vortex  structure  at  an  X  location  of  approximately  6. 
Searching  the  conditioned  sampling  data  at  this  stream- 
wise  location  results  in  the  structure  shown  in  Figure 
9.  This  structure  is,  of  course,  only  evident  in  a 
coordinate  frame  moving  with  the  vortex.  This  frame 
was  identified  by  employing  the  decomposition  technique 
of  Bethke  and  Viets  (1983)  and  then  subtcacting  che 
streamwise  velocity  from  the  flowfield  co  reveal  che 
form  of  the  structure  Thus  Che  flowfield  of  Figure  9 
reveals  a  vortex  structure  approximately  located  at  X  * 

•  3.5,  Y  “  a.  mac  cm*  position  agrees  well  with  the 
results  of  the  flow  visualization  is  seen  in  the  com¬ 
posite  of  both  hoc  wire  and  flow  visualization  results 
in  Figure  10. 

b.  Quantitative  flow  structure,  Q  *  240°. 

Moving  farther  downstream,  che  flow  visualization 
results  have  identified  a  vortex  at  approximately  X  * 
16.  In  che  composite  plot  of  Figure  11,  che  local 
vortex  structures  identified  in  che  three  planes  are 
shown.  The  vortex  shape  again  verifies  che  results  of 
flow  visualization.  In  particular,  che  vortex  is  shown 
to  be  practically  perpendicular  to  the  plane  of  che 
wall.  It  is  sncicipated  chat  the  presence  of  a  rela¬ 
tively  chick  boundary  would  cause  the  vortex  structure 
to  be  inclined  in  Che  screamwise  direction.  This 
aspect  is  currently  under  investigation. 

Data  is  available  in  ch*  intermediate  plane  be¬ 
tween  planes  1  and  3.5  (9  •  240°)  in  Figure  12. 
Examination  of  chat  velocity  field  (at  a  distance  of  1 

•  2  from  ch*  eencerline)  reveals  no  vortex  structure. 

Of  course,  in  order  for  the  vortex  to  be  continuous 
from  point  D  to  point  E  in  Figure  10,  it  must  also  pass 
chrough  this  plan*.  The  discrepancy  is  resolved  in 
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Figure  12  where  the  vortex  is  shown  to  penecrete  the 
intermediate  Z  m  2  plane  at  such  an  acute  angle,  that 
the  vortex  signature  is  lost.  The  inclined  vortex  does 
not  yield  the  typical  pattern  and  as  the  angle  between 
the  vortex  and  the  plane  decreases,  the  scale  of  the 
signature  goes  to  sero. 


Figure  9.  Velocity  field  9  -  120°,  centerline  plane. 
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Figure  10.  Vortex  trajectories  with  quantitative  data 

at  9  -  0°  (  0  > !  9  *  120°  (  A  )  and  9  » 

2U0  °  (0^.  Data  (Q)  and  (Q)  are  flow 
visualisation  f roe  Figure  19. 
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Figure  11c. 


Figure  11.  Vortex  structures  found  in  three  plan* 
7-0;  1;  3.5. 


Figure  11a. 


Figure  12.  Schenatic  of  vortex  intersection  with 
nlanes . 
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c.  Quantitative  flow  structures  8  •  0°. 

At  th«  0°  phase  angle ,  th«  vort«x  is  in  the 
creation  proeasa  and  ia  tharafora  too  small  and  eloae 
to  the  rotor  to  ba  found  by  thia  technique.  The  next 
appearance  of  the  vortex  at  0°  phaae  ia  at  ?  •  25, 
according  to  the  flow  viaualization  reaulta.  From  the 
quantitative  point  oi_  view,  vortex  atructurea  are  found 
in  planaa  2  •  0  and  Z  •  1  aa  ahowo  io  Figure  10 .  At 
larger  diatancea  from  che  centerline  plane,  the  sig¬ 
nature  of  tha  vortex  ia  ao  weak  aa  to  be 
indiatinguiahable  with  thia  technique. 

Thus  the  vortex  atructure  haa  formed  a  configura¬ 
tion  twice  aa  high  above  the  flat  plate  aa  ita  width. 

CONCLUSIONS 

The  three  dimenaional  flowfield  atructure  revealed 
by  the  flow  visualization  results  and  the  conditioned 
sampling  hot  wire  results  are  susnarized  in  Figure  7. 
The  initially  rectilinear  vortex  deforms  very  rapdily 
as  it  ia  convected  downstream.  Initially  there  ia  some 
evidence  that  the  vortex  lines  extend  out  to  the  walla 
of  the  tunnel.  However,  farther  down screen  the 
connection  ia  tenuoua  and  it  ia  possible  that  che 
vorticity  lines  end  on  che  surface  of  che  flat  place 
instead  of  che  wind  tunnel  walla. 

It  ia  probable  chac  che  single  deformed  vortex  ia 
due  to  che  end  conditions  on  the  wind  tunnel  walla. 

That  ia,  if  the  rotor  were  infinitely  long,  the 
initially  rectilinear  vortex  would  still  deform  into  a 
similar  pattern  aa  chat  in  Figure  7  and  that  the 
pattern  would  be  repeated  with  a  certain  scale  length 
determined  by  the  stability  of  the  rectilinear  vortex 
to  an  applied  disturbance.  In  che  present  experimental 
case,  che  applied  discurbance  is  che  end  walls  which 
supply  a  boundary  layers  which  cauae  the  vortex  ends  to 
move  downstream  more  slowly  chan  che  vortex  cencer. 

This  initial  deformation  Chen  progresses  into  the 
shapes  observed.  The  aspect  ratio  of  che  deformed 
vortex  (i.e.  its  height  above  che  plane/distance 
between  che  legs  perpendicular  to  the  plate)  is 
approxiautcly  two  at  a  position  30  generator  heights 
downstream. 
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ABSTRACT 

Convection  and  diffusion  of  a  conserved  scalar  is  calcu¬ 
lated  in  a  two-dimensional  mixing  layer  using  the  discrete 
vortex  method.  Scalar  dissipation,  the  square  of  the  scalar 
gradient,  is  calculated  along  various  scalar  isolines.  The  dis¬ 
sipation  distribution  is  found  to  be  approximately  lognormal 
with  parameters  that  can  be  described  by  a  laminar  diffusion 
model  which  has  lognormally-distributed  stretching  of  the 
mixing  layer  interface. 

INTRODUCTION 

For  turbulent  diffusion  flames  with  fast  chemistry,  Bilger 
( 1979)  has  formulated  a  conserved  scalar  quantity  which  has 
proven  useful  for  predicting  burning  rates  in  jets,  and  which  is 
also  applicable  to  planar  mixing  layers  and  other  geometries. 
These  predictions  involve  averages  over  the  joint  distribution 
of  the  scalar  and  the  scalar  dissipation,  defined  as  the  square 
of  the  scalar  gradient.  The  probability  density  function  (pdf) 
of  the  scalar  is  readily  measured,  but  the  pdf  of  the  dissipa¬ 
tion  and  its  correlation  with  the  scalar  are  relatively  inacces¬ 
sible  experimentally  or  theoretically.  In  some  cases  it  has 
been  assumed  that  these  two  quantities  are  statistically  in¬ 
dependent,  an  unverified  assumption  with  significant  impact 
on  predictions. 

We  have  directly  calculated,  in  a  stochastic  fashion,  the 
pdf  of  the  dissipation  in  some  model  flows  which  have  ap¬ 
plication  to  lift-off  of  turbulent  jet  diffusion  flames.  The  pdf 
of  dissipation  is  an  input  to  the  recent  analysis  by  Janicka 
and  Peters  (1982)  of  lift-off  heights.  Their  model,  which  uses 
assumed  functional  forms  for  the  pdf's  of  the  scalar  and  the 
dissipation  in  transport  equations  for  the  scalar  pdf,  is  in 
good  agreement  with  experimental  lift-off  data  in  the  first 
ten  jet  diameters.  When  they  adopt  the  alternative  assump¬ 
tion  of  statistical  independence  between  the  scalar  and  its 
dissipation,  large  disagreements  with  experimental  jet  results 
are  obtained,  indicating  sensitivity  to  assumptions  concern¬ 
ing  the  correlation  of  the  scalar  and  the  dissipation.  Since 
all  versions  of  their  model  involve  a  number  of  assumptions, 
the  results  of  our  computations  will  aid  in  the  validation  of 
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the  assumptions  concerning  the  pdf’s  of  the  scalar  and  the 
dissipation. 

In  the  same  analysis,  Janicka  and  Peters  found  that, 
for  the  region  beyond  twenty  diameters,  the  various  calcula¬ 
tions  underpredict  the  lift-off  height  by  almost  a  factor  of 
two.  Their  models  aiso  do  not  explain  the  blow-off  at  forty 
diameters  for  a  methane  jet.  They  believe  that  blow-off  is 
caused  by  the  passage  of  a  large  coherent  structure  that 
carries  the  flame  stabilization  region  downstream.  Thus,  they 
feel  that  blow-off  predictions  will  require  time-dependent  a- 
nalysis.  Our  computational  approach  can  be  applied  to  this 
regime,  and  our  current  calculations  represent  the  start  of 
such  time-dependent  work. 

According  to  Yule  (1978)  and  Petersen  (1978)  the  large 
coherent  ring  vortex  that  forms  at  the  jet  nozzle  undergoes 
transitions  to  smaller  three-dimensional  structures  within  the 
first  ten  diameters  of  the  jet  (actual  location  depending  on 
Reynolds  number).  This  was  determined  by  the  loss  of  az¬ 
imuthal  correlation  of  velocity  fluctuations.  However,  ex¬ 
perimental  work  by  Dimotakis  et  ol.(1981)  indicates  that  un¬ 
reacted.  entrained  fluid  may  be  found  on  the  jet  axis  at  sub¬ 
stantial  distances  downstream.  Their  resnits  are  inconsistent 
with  gradient  diffusion  models,  suggesting  the  influence  of 
coherent  structures  on  thine  blow-off. 

At  this  time  we  have  not  done  a  full  three-dimensional 
jet  calculation.  Earlier  work  (Ashurst,  1981 )  of  a  single  vortex 
ring  shows  promise  in  its  agreement  with  experiment  in  the 
number  of  waves  formed  by  nonlinear  instabilities.  A  com¬ 
plete  jet  calculation  is  a  huge  task.  Therefore,  we  focus  our 
efforts  on  a  small  volume  of  fluid  and  abstract  from  detailed 
calculations  the  statistics  that  can  be  incorporated  into  pdf 
analyses. 

METHOD 

The  numerical  method  is  the  same  as  used  by  Ashurst 
and  Barr  (1981)  in  their  conserved  scalar  calculations.  A 
short  description  of  the  method  will  be  given  here.  The  two- 
dimensional  velocity  field  is  determined  by  a  Lagrangian  cal¬ 
culation  of  the  motion  of  discrete  vorticity.  In  the  previous 
work  the  vorticity  was  distributed  randomly  in  a  square;  in 
these  calculations  the  vorticity  is  distributed  such  that  it 
simulates  a  mixing  layer.  The  discrete  vortex  method  was 


4.1 


calibrated  with  the  simulation  of  the  spatially  developing 
mixing  layer  (Ashurst.  19791.  In  the  current  problem  the  vor- 
ticity  is  randomly  distributed  along  the  y  axis  in  the  middle 
of  the  square.  Initially  the  conserved  scalar  Z  is  zero  for 
positive  x  and  unity  for  negative  x.  So,  this  small  volume 
of  fluid  simulates  the  edge  of  a  diffusion  jet.  Free  boun¬ 
daries  are  used  in  the  ^'direction  and  periodic  boundaries  are 
used  in  the  y  direction,  The  mixing  layer  develops  in  time 
rather  than  in  space.  The  total  circulation  is  unity,  which 
produces  a  velocity  difference  of  unity  across  the  layer.  The 
scalar  transport  and  diffusion  are  calculated  with  an  Eulerian 
grid  (80-by-80  mesh  cells  in  the  square)  using  Zalesak’s  flux- 
corrected  transport  scheme  (1979).  The  numerical  diffusion 
is  ten  times  less  than  the  assumed  diffusion  coefficient  D  of 
0.0025  L2/r  where  L  is  the  square  edge  length  and  r  is  a 
reference  time  unit.  Because  of  the  initial  random  vortex 
locations,  the  time  development  of  the  nonlinear  growth  re¬ 
quires  ensemble  averaging.  The  observation  time  is  limited  by 
the  initial  conditions  and  by  the  boundary  conditions.  The 
initial  conditions  of  a  step  change  in  the  scalar  value  result 
in  a  rapidly  changing  scalar  field  at  early  times.  Therefore, 
we  must  wait  until  transients  decay  before  gathering  statis¬ 
tics.  The  finite  system  size  limits  the  large  scale  growth  and 
so  we  must  stop  gathering  statistics  before  finite-size  effects 
predominate.  The  statistics  thus  gathered  are  used  to  calcu¬ 
late  the  scalar  dissipation  x,  and  its  pdf.  We  calculate  x  (= 
2  D  ( V  Z)2)  along  selected  scalar  isolines  and  accumulate  the 
quantity  lz/sjx  where  lz  is  the  arc  length  of  the  isoline  in  the 
mesh  cell.  This  achieves  the  desired  volumetric  weighting. 

RESULTS 

The  averaging  time  period,  selected  according  to  the 
above  criteria,  is  the  interval  between  1.3  and  1.5r.  Figure 
1  presents  scalar  contours  at  time  1.3  r  for  several  different 
initial  conditions  of  the  random  number  seed.  The  contours 
are  drawn  by  using  bilinear  interpolation  of  the  scalar  values. 
The  discrete  vorticity  (200  vortices  used)  is  shown  by  its 
velocity  vector,  scaled  so  that  the  largest  vortex  velocity  is 
drawn  with  length  0.1  L  (the  left-hand  corners  of  the  square 
are  shown  with  lines  of  this  length).  The  vorticity  coalesence 
is  apparent.  From  left  to  right,  the  contour  lines  have  scalar 
values  of  0.99,  0.5,  0.2,  0.15,  0.10,  0.05  and  0.01.  We  have  also 
calculated  isoline  values  between  0.2  and  0.5  in  increments  of 
0.05,  but  have  not  shown  them  in  these  plots  for  clarity, 

Figure  2  presents  scalar  dissipation  pdf’s  for  several  scalar 
values  between  0.05  and  0.50.  These  are  ten-run  averages. 
Notice  that  as  scalar  value  increases,  i.e..  as  one  approaches 
the  center  of  the  mixing  layer  from  outer  edge,  the  distribu¬ 
tion  of  x  continues  to  spread  over  a  wider  range.  Thus,  there 
is  a  definite  correlation  between  the  scalar  and  its  gradient. 

By  definition,  a  random  variable  is  lognormal  if  its  log¬ 
arithm  is  governed  by  the  Gaussian  distribution.  Therefore, 
the  cumulative  distribution  function  of  In  x  will  be  a  straight 
line  on  probability  paper  if  x  <s  lognormal.  In  Figure  3, 
we  show  the  data  for  scalar  values  of  0.05  and  0.5.  The 
linearity  does  indicate  that  the  dissipation  is  lognormal.  For 
X  lognormal,  the  standard  deviation,  a  of  the  In  x  distribution 
is  inversely  proportional  to  the  slope  of  the  line,  and  the 
mean  value,  n  of  lnx  corresponds  with  the  50  percent  point. 
Figure  3a  is  representative  of  the  data  for  the  small  scalar 
values  that  we  have  calculated,  Z<0.3.  Figure  3b  shows 


that  the  scalar  of  0.5  has  more  departure  from  lognormality 
at  large  dissipation  values  However,  the  calculated  curve 
does  resemble  a  straight  line  over  a  four  e-fold  range  of  x- 
Table  I  presents  the  mean  and  variance,  a 2  values  of  the 
X  pdf’s  for  each  calculated  scalar  isoline.  These  lognormal 
parameters  are  determined  from  two  estimates:  1 )  from  the 
lnx  distribution,  and  2)  from  the  x  distribution  using  the 
relations  a2  =  ln(x"2/x^  +  1)  and  nz  =  ln~  —  ct2/2.  If 
the  data  are  exactly  lognormal,  then  the  two  methods  would 
yield  the  same  parameter  values.  While  the  mean  values  are 
approximately  the  same  for  all  scalar  values,  the  variances 
are  quite  different  at  large  scalar  value.  For  a  scalar  value  of 
0.5,  the  mean  and  variance  values  from  the  lnx  distribution 
are  not  very  different  from  estimates  obtained  by  drawing 
a  straight  line  on  the  probability  plot;  7  percent  change  in 
mean  value  and  24  percent  in  variance.  Thus,  we  consider 
the  data  in  Figure  2  to  be  lognormal  for  low  scalar  values, 
below  0.35,  but  to  depart  from  lognormality  for  the  higher 
values. 

However,  in  this  inhomogeneous  mixing  layer,  we  do 
not  obtain  the  statistical  independence  between  the  scalar 
and  the  dissipation  of  scalar  fluctuations  assumed  by  Bilger. 
In  other  work,  we  have  studied  the  dissipation  in  a  two- 
dimensional  system  where  the  vorticity  is  distributed  in  a 
uniform  manner  and  the  boundary  conditions  are  periodic  in 
both  directions.  In  those  results  we  do  find  that  the  scalar 
and  the  dissipation  are  statistically  independent,  within  cal- 
culational  uncertainty.  Lognormality  is  also  exhibited  and 
the  calculated  dissipation  agrees  with  Kolmogorov  s  third 
hypothesis:  the  variance  decreases  as  the  averaging  volume 
is  increased. 

ANALYSIS 

The  following  analysis,  which  we  call  the  lognormal  stretch¬ 
ing  model,  accounts  for  the  observed  dependence  of  the  scalar 
and  its  dissipation  seen  in  Figure  2.  We  start  with  a  one¬ 
dimensional  diffusion  equation  with  initial  conditions  of  a 
step  discontinuity,  approximately  the  same  as  our  numerical 
initial  conditions  for  the  scalar.  The  laminar  time-dependent 
solution  is  given  by  the  complementary  error  function 

Z  =  i  erf  c(  rj ) 

where  r\  is  the  similarity  coordinate  for  laminar  diffusion, 
proportional  to  the  square  root  of  the  product  of  time  and 
the  diffusion  coefficent.  Given  the  scalar  profile,  the  instan¬ 
taneous  scalar  dissipation  rate  is 

x(z.t)  =  ry—  exp(  — 2>?2(Z)) 

a7T( 

where  rj  is  a  function  of  Z.  given  by  the  previous  equation. 
To  generalize  this  one-dimensional  result  to  our  flow  field 
the  gradient  must  be  modified  by  any  stretching  that  occurs 
parallel  to  the  original  discontinuity.  Let  s  be  the  measure 
of  stretching  and  multiply  v  by  s.  Now,  assume  that  the  n 
coordinate  and  the  amount  of  stretching  are  statistically  in¬ 
dependent  Then  we  can  accomplish  an  easy  transformation 
between  probabilities  based  on  irj,  s)  and  those  based  on  i\. 
Z).  The  Jacobian  of  the  transformation  is 

_  Jhl.s)  =  —  exp(— 3n2)/(2tr3/2l. 


In  addition  to  the  independence  between  the  stretching,  s, 
and  the  similarity  coordinate,  r?.  we  also  assume  the  stretch¬ 
ing  to  have  a  lognormal  distribution 

P,(s)  =*  — 2— -exp[--^(lns  -  m.)21- 
W2jt  2a 

The  standard  definition  of  the  marginal  distribution  yields 
the  dissipation  distribution  as 


PX(X\Z)  ■■ 

Using  the  transformation 


Pzx(Z,X) 
Pz(Z)  ' 


Pzx(Z ,  X)  = 


PyW  P,M 


,  Pz(Z)  PZ(Z ) 

|£ZL|  Aexp m’ 

dZ 

upon  substitution,  we  see  that  the  Pz(Z)’s  cancel  and  obtain 
a  lognormal  distribution  for  x 

Px(x\Z)  =  — “ :exPf~r4(inx  -  hz)2} 

W2*  2a 

but  with  a  Z  dependence  given  as 

Hz  —  Ht~  ln(2?r)  —  2p2(Z) 

where  the  inverse  of  the  complementary  error  function  defines 
the  r),  Z  relation 

rj{Z)  —  erfc” l(2Z). 


The  result  is  that  the  assumption  of  a  lognormal  stretch¬ 
ing  and  statistical  independence  between  stretching  and  the 
similarity  coordinate  leads  to  a  statistical  dependence  bet¬ 
ween  the  scalar  and  its  dissipation.  But  the  dissipation  is 
lognormal  and  has  the  simple  scalar  dependence  predicted 
by  the  lognormal  stretching  model,  as  shown  in  Table  I.  The 
pdf’s  in  Figure  2  can,  for  scalar  values  of  0.3  and  less,  be 
approximated  by  one  lognormal  distribution  with  a  variance 
of  cr2  =  0.38  and  a  mean  of  h,  =  0.1,  if  the  mean  parameter 
Hz  is  calculated  as  given  above.  However,  for  scalar  values 
greater  than  0.3,  /i,  is  not  constant,  but  this  is  the  range 
of  scalar  values  in  which  the  pdf’s  depart  from  lognormality 
as  previously  shown  by  the  inconsistent  estimates  for  o2, 
see  Table  I.  We  note,  that  for  combustion  applications  with 
hydrocarbon  fuels,  the  range  of  conserved  scalar  values  used 
to  describe  the  combustion  zone  fall  within  the  range  of  values 
where  the  lognormal  stretching  model  is  a  good  approxima¬ 
tion. 

There  appears  to  be  a  discrepancy  in  h >  for  the  scalar 
value  of  0.01.  The  model  initial  conditions  assume  a  step  dis¬ 
continuity,  whereas  in  the  numerical  calculation,  the  scalar 
change  from  zero  to  one  was  spread  over  two  grid  cells.  It 
is  possible  that  these  initial  differences  are  important  at  the 
leading  edge  of  the  diffusion  “wave"  in  this  transient  solution. 
However,  the  more  likely  explanation  is  the  lack  of  resolution 
in  the  calculated  value.  The  gradient  histogram  is  accumu¬ 
lated  in  bins  whose  width  is  independent  of  the  scalar  value. 


The  number  of  nonempty  bins  is.  for  increasing  scalar  value: 
3,  59,  179.  321,  452,  499  and  the  remainder  greater  than  500. 
Thus,  the  pdf  of  *  for  Z  =  0.01,  discretized  into  only  three 
nonempty  bins,  is  not  considered  as  very  precise. 

CONCLUSIONS 

We  have  found  that  the  joint  pdf  of  the  scalar  and  the 
scalar  dissipation,  calculated  in  a  two-dimensional  mixing 
layer  using  the  discrete  vortex  method,  is  well  characterized 
at  the  edge  of  the  layer  by  a  simple  model  which  we  call 
the  lognormal  stretching  model.  The  key  feature  of  this 
model  is  the  assumption  that  stretching  transverse  to  a  one¬ 
dimensional  diffusion  solution  is  lognormal  and  independent 
of  the  scalar  value.  For  combustion  applications,  the  scalar 
values  of  interest  lie  on  the  outer  edge  of  the  shear  layer 
where  three-dimensional  effects  may  not  be  too  important 
(depending  on  Reynolds  number).  Thus,  our  results  can  be 
used  in  the  region  near  a  jet  nozzle  when  the  diffusion  flame 
has  lifted-off  the  nozzle.  It  will  be  interesting  to  perform  new 
calculations  which  include  chemical  reaction  and  the  result¬ 
ing  velocity  perturbation  due  to  chemically  induced  volume 
expansion. 
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Figure  3.  Representative  probability  plots  in  which  a  straight 
line  indicates  a  lognormal  distribution,  the  scalar  value  is: 
a)  0.05  and  b)  0.5.  For  low  scalar  values,  the  two  ways  of 
estimating  the  lognormal  parameters  have  reasonable  agree¬ 
ment  whereas  at  large  scalar  values  the  estimate  from  the 
X  distribution  would  have  a  much  smaller  slope  than  the 
straight-line  region  in  b). 


TABLE  I 

ESTIMATED  LOGNORMAL  PARAMETERS  FOR  SCALAR  DISSIPATION 


from  In  x  from  x 


(T2 

HZ 

M/ 

a2  * 

Hz' 

H.a 

0.27 

-7.30 

-0.051 

0.38 

-7.33 

-0.078 

0.43 

-4.31 

0.039 

0.35 

-4.48 

0.066 

0.49 

•3.42 

0.056 

0.37 

-3.39 

0.093 

0.52 

-2.85 

0.062 

0.38 

-2.80 

0.110 

0.55 

-2.49 

0.060 

0.38 

-2.43 

0.110 

0.60 

-2.25 

0.041 

0.38 

-2.19 

0.110 

0.69 

-2.12 

-0.007 

0.39 

-2.03 

0.082 

0.86 

-2.09 

-0.100 

0.41 

-1.96 

0.024 

1.20 

-2.19 

-0.290 

0.45 

-2.00 

-0.098 

1.35 

-2.35 

-0.490 

0.52 

-2.12 

-0.270 

1.53 

-2.57 

-0.740 

0.61 

-2.32 

-0.480 

i,  *  nz  +  ln(2?r)  -+-  2t?2(Z),  mean  of  Ins  distribution 
•a  *  In (xw^/Y3  4*  1),  variance  of  Inx  distribution 
i z  *  InY  —  <ra/2,  mean  of  Inx  distribution 
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ABSTRACT 

A  numerical  cod*  solving  time  dspsndsnc  Navler-Stokes 
equations  In  chrss  dimensions  Is  ussd  co  compute  ch* 

largs  seals  fluctuations  of  a  curbulsnt  flow  lnducsd  by 
a  jet  In  a  cavity  and  of  a  homogeneous  shaar  flow. 

Rasulcs  ara  compared  with  experiment. 

INTRODUCTION 

Larga  Eddy  Simulations  (LES)  hava  oftan  baan  performed 
on  simple  flow  configurations  which  allows 
raprasancaclon  by  means  of  Fouriar  or  Tchabychaff 
functions.  Tha  aim  of  this  work  was  to  csst  this 

approach  with  a  numerical  coda  oparatlng  In  physical 
spaca.  In  tha  cas*  of  a  coaplax  Industrial  flow.  It  Is 
ballavad  that  with  tha  lncraaslng  computer  performances, 
L.E.S.  might  soon  ovarstap  tha  scholar  field  and 

compete,  In  the  anganearlng  field,  with  classical  high 
order  closures  whose  coats  and  complexity  are  rapldlly 
Increasing. 

I.  MEASUREMENTS  IN  THE  CUBIC  BOX. 


The  subgrid  stessas  Sij  *  Hi  Uj '  +  U'l  Uj  4  u'l  U'j  are 
modelled  by  a  turbulent  ^viscosity  v  and  tha  large 
seal*  scraln-rac*  censor  Dlj  : 

SIJ  -  -  2  vT  Dij  ♦  i  Sli  Sij  .  Dll  -  i  (-£§  ♦  -J^) 

where  v Is  given  by  Smagovlnsky ' s  model  / 1 / 
k  *  Cs  X 1  (Dlj  .  Dll)1^2 

C  being  a  constant,  and  X  a  characteristic  length  of 
the  mash  cell. 

The  "Leonard  Stress"  Lij  -  Ui  Uj  -  Ui  UJ  Is  Important  if 
one  uses  a  formal  filter  which  Is  wide  In  comparison 
with  tha  mash  step.  But  this  would  imply  a  very  large 
number  of  grid  points.  V*  prefered  to  let  G  be  the 
inherent  filtering  effect  of  the  finite  difference 
scheme,  and  in  this  case,  the  assumed  value  of  the 
"Leonard  Stress”  was  found  to  fall  wichln  round-off 
errors  of  the  numerical  scheme,  and  thus  was  neglectad 
III . 


A  turbulent  water  jat  with  mean  velocity  Uo  *  24  cm/s 
-nters  tha  domain  (a  cubic  box  with  sides  a  •  50  cm) 
through  tha  square  window  F,  (sides  b  •  15  cm),  hence 
ch*  Reynolds  number  :  R*  •  36.000.  The  Jat  impinges  tha 
opposite  wall,  recirculates  and  progressively  moves 
towards  the  exit  window  F^  in  the  lower  half  of  the  box. 
Flow  visualisations  ara  mad*  by  caking  pictures  by  means 
of  plana  light  beams,  and  measurements  ara  mad*  by  laser 
dopplar  anamomacry.  Comparisons  are  made  in  the  vertical 
plana  going  through  ch*  canters  of  both  inlat  and  outlet 
windows  (fig.  1). 

II.  NUMERICAL  CODE 

Large  Seal*  Components 


Numerical  Resolution  of  Equations 

Following  Chorin’s  pattern  / 3 / ,  the  (rr*-l)ch  time  step  is 
computed  in  three  steps  : 

Advactlon  of  Momentum 


The  equation  is  solved  by  a  three-dimensional 
characteristics  method.  Ui  is  constant  ^along  the 
curvilinear  (sub-steps  of  At)  characteristic  M(t)  : 

£*‘n 


_  n+l 

The  splitting  of  tha  instantaneous  velocity  field  Ui  xe  *  M  (t  ) 

into  a  large  seal*  component  Ui  and  a  subgrid  _  _  n 

fluctuation  is  achiavad  by  a  filtering  operation.  xo  ■  M  (t  ) 


Ui  (x.c) 


fa  (x  -  x' )  Ui  (x’,t)  dx' 


Ui  (xe)  -  Ui“ 


(xo) 


U'i  (x.t)  •  01  -  Ui 

The  filtered  Navler-Stokas  aquations  arc  then 

411.^(51  uj)  -  -  i  -M 


dt 


d*3 


p  dxi 


Tha  locacion  xo  not  being  a  node  point,  U,n  (xo)  is 
interpolated  using  a  weighted  average  of  Taylor 
developments  centered  on  the  9  node  points  of  the  3D 
cell  containing  xo.  (32  point  interpolation). 

Diffusion  of  Momentum  is  split  into  3  directions 


<L.[(UJ  ♦  Sij  -  *-!§>] 


Ui  -  Ui 
Ac 


—)  (2  (v+  v  DiJ> 


I 


o 


This  aquation  is  solved  by  a  successive  over  relaxation 
( SOR)  scheme . 


A  2 


Continuity  and  Pressure 

Q-|-  | 

The  pressure  p  enables  U,.  to  be  dlvarganca  fraa  : 


cT1  -  ni  -  4 


n+1 


p  d  xi 


du”*1 

T^r 


-j^l 

Prassura  P  is  first  computed  on  a  staggered  grid 
through  tha  Poisson  aquation  : 

dOl  _  _A_c  d2  P***1 
dxi  “  p  d  xi  dxi 


Turbulanca  eriggaring  was  not  dona  by  initial  conditions 
but  through  boundary  conditions  at  tha  jat  antranca, 
sinca  advaction  is  dominant.  Data  recording  1s  started 
once  statistical  quantities  have  reached  a  steady  state 
(500  time  steps) .  Turbulent  variables  are  computed  over 
420  time  steps,  (steps  500  to  920)  on  the  41  x  41  x  48 
mash  (101.6  10°  variables). 

Turbulent  energy  k  (k  ■  5  10  m2/s2)  is  carried  by  the 
entering  jet.  In  the  first  attempt,  this  energy  was 
distributed  over  an  equilibrium  time  spectrum 
discretized  by  time  Fourier  series.  This  type  of 
fluctuating  motion,  having  no  spatial  correlation, 
exhibited  a  decrease  in  turbulent  energy  while  crossing 
the  first  half  of  the  box. 


which  is  solved  by  a  Gauss-Seidel  Iterative  method  with 
over  relaxation. 

Then,  tha  new  velocity  is  obtained  by  adding  the 
pressure  gradient. 

Boundary  Conditions 

Entrance  •  Un+^  «  Uo  (t)  given 

Exit  :  no  condition,  advaction  is  assumed  to  be 
dominant.  Normal  velocity  component  is  set  to  zero. 

Walls  :  A  relationship  between  tang-ntial  velocity 
and  shear  stress  is  derived  from  the  logarithmic  law  of 
the  wall.  This  is  a  crude  assumption  for  instantaneous 
velocities  which  does  not  simulate  wall  turbulence 
production,  buc  the  dominant  feature  in  the  cubic  box 
was  assumed  to  be  turbulence  production  in  the  shear 
layer  of  the  jat.  Large  Eddy  Simulation  of  wall  effects 
is  studied  as  a  separated  research  topic. 

Continuity  step 


With  the  previous  boundary  conditions  on  velocity,  the 
following  Neuman  condition  is  valid  for  pressure  : 


(n  :  normal  tc  the  boundary). 


Another  computation  was  performed,  in  which  turbulent 
field  was  calculated  in  the  direct  upstream  from  the  box 
entrance  and  advected  by  the  entering  jet. 

A  3D  space  energy  spectrum  was  chosen,  length  scales  in 
the  streamwise  direction  being  larger  the  in  the 
cross-stream  directions.  This  is  used  to  compute  a 
turbulent  field  in  Fourier  space,  compatible  with  the 
L.E.S.  code's  continuity  equation  as  was  done  for  the 
homogeneous  shear  case. 

This  last  precaution  prevents  a  decrease  of  turbulent 
energy  over  the  first  3  or  4  cells  after  the  entrance 
owing  to  pressure  smoothing  effects. 

In  the  vertical  plane  (fig.  4),  the  large  scale 
turbulent  energy  cosipares  quite  well  with  the  results  of 
the  k  -  E  computation  (with  triangular  velocity  profile 
at  the  entrance),  it  exceeds  the  value  10  m2/s2  at  the 
end  of  the  shear  layer.  The  ability  of  the  LES  to 
increase  the  turbulent  energy  by  a  factor  20  from  its 
boundary  value  was  found  to  depend  more  on  the  length 
scales  than  on  the  total  energy  of  the  turbulent 
structures  imposed  at  the  entrance. 

The  jet  flapping  phenomenon  which  was  observed  in  the 
experimental'  set-up  was  also  reproduced  by  LES  as  can  be 
seen  on  film  or  on  fig.  5. 


III.  RESULTS. 

III.l.  Turbulent  flow  in  the  cubic  cavity 
3-D  k  -  £  Model 

Computations  using  a  k  -  £  Model  / 3 /  are  introduced  here 
as  an  extension  of  experimental  results  which  do  not,  as 
vet,  cover  the  entire  3D  domain,  and  because  the  set  of 
boundary  conditions  used  in  Che  Large  Eddy  Simulation  do 
not  allow  direct  comparison  with  experience. 

The  3D  k  -  £  Model  is  a  classical  one,  and  will  not  be 
detailed  here.  The  numerical  scheme  is  similar  to  the 
one  described  previously.  Source  and  sink  terms  of  the 
k.  £  equations  are  accounted  for  in  the  diffusion  step. 

Comparisons  with  available  experimental  data  validate 
chls  extension.  The  mean  velocity  field  in  the  vertical 
plane  through  the  jet  axis  is  in  good  agreement  (fig. 
2).  Turbulent  kinetic  energy  in  Che  same  plane  is 
plotted  against  experimental  results  in  figure  3. 
Correct  values  are  found  in  the  jet  shear  layer.  Higher 
order  interpolation  was  prooved  to  be  necessary  for  the 
advaction  of  energy  from  these  very  narrow  production 
zonae. 


Fig.  6  shows  again  instantaneous  flow  patterns  in  Che 
vertical  planes  across  the  jet.  Unsteady  large  eddies 
are  more  visible  since  they  scale  with  the  rather  small 
mean  velocities  in  chese  planes. 

III. 2.  Large  Eddy  Simulation  of  Homogeneous  Shear  Flow 
Definition  of  the  flow. 

An  homogeneous  and  isotropic  turbulent  flow  defined  in 
an  infinite  space  is  suddenly  submitted  (time  c  >  0)  to 

an  uniform  mean  shear  s  •  (fig.  7). 


The  resulting  evolucion  of  the  flow  -  still  homogeneous 
but  anisotropic  -  is  entirely  given  by  s  and  the  inicial 
spectrum.  In  the  case  presented  here  the  value  of  the 
mean  shear  is  s  •  46,8  s 

Spatial  periodicity 

The  infinite  space  required  by  homogeneity  is  assumed  to 
be  correctly  represented  by  spatial  periodicity  in  the  3 
directions,  as  long  as  Che  largest  scales  do  not  exceed 
half  a  spatial  period. 


Large  Eddy  Simulation 

Using  the  previous  (experimental)  set  of  boundary 
conditions  at  the  entrance  failed  to  exhibit  any 
production  of  turbulence.  Since  this  production  was 
expected  in  the  shear  layers  of  the  jet,  it  is  believed 
chat  this  region  was  too  narrow  in  comparison  with  the 
mesh.  Therefore,  the  uniform  velocity  profile  at  the  jet 
entrance  was  changed  into  a  triangular  profile  which 
enables  the  spread  of  the  shear  layer  throughout  Che 
whole  jet  croee-section.  (See  fig.  5). 


In  the  mean  shear  direction  x^,  spatial  periodicity  has 
to  be  combined  with  a  translation  along  Che  mean  flow 
direction  x^.  To  deal  with  this  problem,  the 
neibourghing  virtual  domains  in  x,  direction  are 
staggered  at  each  time  step  in  the  mean  flow  direction 
(fig.  7). 

Initial  condition 


The  Inicial  energy  spectrum  is  taken  from  COMTE-BELLOT 


and  COUtSXN's  experiments  /S/on  grid  curbuianca. 

Following  ROGALLO  /6/,  wa  chan  dafina  iu  Fourier  Spaca  a 
velocity  field  that  fics  cha  givan  space run  and  varifias 
continuity  aquation  as  it  is  discrecized  in  cha 
flnice-dif faranca  schaaa  of  tha  coda. 

This  point  laada  to  a  continuity  aquation 

k'  .  u  (k')  «  0 

of  classical  fora,  except  chat  k'  is  a  complex  vector 
function  of  tha  "currant"  vavanuaber  vector  k 

That  initial  condition  is  discretized  -on  32  vavanuabars 
in  aach  directions  : 

k  -  +  n  (H  n<  16) 

L  being  tha  length  of  the  computational  domain. 

Inverse  Fouriar  transform  givan  then  an  Initial 
condition  discrecized  on  the  32*  mesh  points  of  the 
physical  domain  of  computation. 

Results. 

Using  the  homogeneous  properties  of  the  flow,  che 
statistical  operacor  <>  used  hare  is  a  spatial  averaging 
over  che  32*  mesh  points  of  che  domain  for  a  single  run 
(chat  is  for  a  single  sec  of  initial  phases).  Although 
che  right  sample  for  such  an  averaging  should  be  a  large 

number  of  runs,  this  classical  method  is  acceptable  for 

che  one-point  correlations  presented  here. 

Figure  8  shows  che  evolution  of  the  Reynolds  censor 

diagonal  terms.  Its  trend  is  in  good  agreamanc  with 

TAROULARIS  and  CORRSIN's  /  7/  experimental  results 
<u  .>  is  fad  by  the  mean  flow  while  <u  takes  energy 
from  the  latter  chrough  pressure  strain  correlation 
terms  (fig.  9). 

2 

Figurs  10  shows  the  evoluciop  of  tha  <u  ,  >  equation 
terma  ;  tha  rate  of  change  d<u  I>  is  negative  at  t  *  0 

dc 

(decaying  turbulence)  and  increases  to  reach  positive 
values.  The  production  term  starts  from  zero  and 
increases  with  <u^  Uj>.  This  correlation  <u^  u^>  has  a 
non-zero  interaction  term  and  a  sudden  change  in 
pressure-  strain  corralation  due  to  its  rapid  (linear) 
part  (fig.  11).  <u.  u->  tends  coward  an  asymptotic 

value. 

The  projection  of  instantaneous  velocity  field  on  the 
two  planes  normal  to  che  principal  axes  of  che  strain- 
rate  tensor  (fig.  12)  illustrates  che  stretching 
of  che  vortlcity  along  one  axis  and  che  contraction 
along  che  other. 

CONCLUSION 

As  can  be  seen  in  the  homogeneous  shear  case,  LES 
performs  well,  provided  chat  che  computation  of  che 
large  scales  extends  down  to  che  equilibrium  range.  If 
not,  one  must  abandon  the  Smagorlnsky  model  for  some 
higher  order  model  allowing  for  two  way  energy  transfer 
(drain  and  backscatter) .  This  was  not  the  case  in  che 
LES  of  che  turbulent  cavity  but  still,  interesting 
phenomena  such  as  jet  flapping  were  reproduced.  It  shows 
chat  LES  gives  much  more  information  chan  classical 
closures.  This  should  be  even  more  so  in  LES  with  heat 
fluctuations  which  are  presently  being  undertaken.  A 
model  for  turbulence  production  at  che  wall  on  a  coarse 
mesh  is  also  being  studied,  since  again,  a  turbulent 
viscosity  model  does  not  apply  here. 
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Fig.  12  :  Homogeneous  shear.  Instantaneous  velocity  field  projected  normally  to  the  principal 

axes  of  the  strain-race  censor. 

1  -  Plane  normal  to  stretching  axis 

2  -  Plane  normal  to  contraction  axis 
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ABSTRACT 

The  stability  of  the  similarity  solution 
of  a  turbulent  round  jet  with  zero  outer  velo¬ 
city  is  investigated.  Two  solutions  of  the 
equations  with  different  modelling  constants 
are  analysed.  One  is  Jones'  and  Launder 's  k-e 
model  and  the  other  is  Rotta's  k-i  model.  The 
1-equation  is  transformed  into  the  form  of  an 
e-equation  in  order  to  permit  the  comparison  of 
the  different  constants  of  the  models.  In  addi¬ 
tion,  an  equation  for  the  turbulent  viscosity 
is  derived. 

The  mathematical  properties  of  the  equa¬ 
tions  are  discussed.  It  is  shown  that  in  the 
limit  of  vanishing  laminar  vicosity  the  parabo¬ 
lic  equations  degenerate  to  a  form  which  exhi¬ 
bits  discontinuities  and  has  a  wave-like  solu¬ 
tion.  This  property  is  discussed  by  comparison 
with  Zeldovich's  thermal  waves. 

The  similarity  aquations  are  derived.  The 
stiffness  of  the  equations  is  shown  by  an  asymp¬ 
totic  expansion  around  the  limit  "production 
equals  dissipation”.  The  similarity  solution  is 
obtained  by  a  shooting  technique.  A  linear  and 
a  non-linear  stability  analysis  of  the  simila¬ 
rity  solution  is  performed.  The  linear  pertur¬ 
bation  of  this  solution  yields  by  a  discreti¬ 
sation  technique  at  least  one  eigenvalue  with 
a  positive  real  part,  showing  unstable  solu¬ 
tions.  The  non-linear  solution  is  performed  by 
solving  the  non-similar  equations  with  a  finite 
difference  method.  Here  the  modified  Rotta-model 
appears  to  be  more  stable  than  the  k-e-model. 

INTRODUCTION 

It  is  widely  known  that  numerical  integra¬ 
tion  techniques  using  two-equation  models  of 
turbulence  exhibit  severe  stability  problems. 

It  is  also  observed  that  the  reduction  of  step 
size  does  not  avoid  the  stability  problems  but 
rather  increases  them.  It  seems  that  a  certain 
amount  of  numerical  damping  is  necessary  to  ob¬ 
tain  stable  solutions.  In  free  shear  flows  of 
the  boundary  layer  type  the  problem  is  sometimes 
circumvented  by  solving  the  governing  equations 
in  a  transformed  coordinate  system  where  the 
normalized  stream  function  varying  between  0 
and  1  appears  as  independent  normal  coordinate 
/I / .  This  technique  is  not  applicable  to  ellip¬ 
tic  flows  with  arbitrary  boundary  conditions, 
where  the  equations  must  be  solved  in  the  phy¬ 
sical  plane.  When  the  boundary  conditions  have 
to  be  applied  at  large  distances  from  the  region 
of  main  turbulence  production,  for  instance  with 
a  jet  flow  into  a  chamber,  stable  numerical  so¬ 
lutions  are  very  difficult  to  obtain. 


There  appears  to  be  a  disproportion  between 
the  large  number  of  numerical  applications  of 
two-equation  models  of  turbulence  and  of  more 
f  undamental  investigations  into  their  mathema¬ 
tical  structure.  These  equations  are,  of  course, 
highly  non-linear  and  are  generally  solved  in 
at  least  two  space  dimensions.  In  this  paper  we 
will  point  out  certain  properties  of  the  equa¬ 
tions  which  will  lead  to  desasters  in  numerical 
computations,  if  they  are  overlooked.  It  is  the 
purpose  of  the  paper  to  show  that  the  stability 
difficulties  are  not  likely  to  originate  from 
numerical  schemes  but  are  a  property  of  the 
equations. 


GOVERNING  EQUATIONS 

As  a  test  case  the  steady  turbulent  flow 
of  a  round  jet  into  a  stagnant  atmosphere  is 
considered.  Using  the  boundary  layer  approxima¬ 
tions  the  governing  equations  for  the  mean  ve¬ 
locities  and  the  turbulent  kinetic  energy  are 
written 
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The  kinetic  energy  equation  was  first  derived 
by  Prandtl  111 .  It  contains  as  unknown  quanti¬ 
ties  the  turbulent  viscosity  and  the  turbu¬ 
lent  dissipation  e.  Prandtl  has  shown  that  both 
can  be  related  to  at  least  one  additional  quan¬ 
tity,  a  turbulence  length  scale  l  by 
„3/2 
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Later,  Rotta  / 3/  developped  a  balance  equatioi 
for  £  on  the  basis  of  an  equation  for  a  .  .- 
point  correlation  function.  His  more  recent  fo~ 
mulation  has  the  form  HI 
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Alternatives  to  a  length  scale  equation  are 
equations  for  c  or  v  .  An  extensively  tested 
and  widely  used  model  is  the  k-e  model  by  Jones 
and  Launder  /5/.  For  sufficiently  large  turbu- 
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Using  the  algebraic  relation  between  i,  t  and  k, 
Rotta's  i -equation  can  be  cast  into  the  same 
form  as  the  e-equation,  where  the  following 
additional  terms  appear  on  the  r.h.s. 
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Pr^  •  Pr4  »  0.6856,  Pr£  ■  Pr^/c^ 


1.77, 
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0.041,  C22  *  c2/3  i2  *  0.361, 
cj4  «  (1+3a4/2)/Pr1-5/(2Prk)  •  -1.34 
cj5  »  3(1*3at/2) /(2Prt)  «  3.4579 
ce6  *  (1*3a1/2)/Prt*5/(2Pr*)  -  3.716 
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The  occurence  of  higher  order  velocity  deriva¬ 
tives  in  this  equation  leads  to  additional  nu¬ 
merical  difficulties.  It  is  consistent  with  the 
assumption  of  a  single  length  scale  1  and  a 
single  time  scale  k/e  to  replace  the  velocity 
derivative  by  using  the  assumption  production 
equals  dissipation  in  the  turbulence  energy 
equation 
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Then  the  first  two  terms  in  Eq.  (7)  are  to  be 
replaced  by 
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and  the  constants  change  to 
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It  is  seen  that  the  modified  Rotta  model  and  the 
k-e -model  differ  only  slightly  in  the  common 
constants  Pre,  ce.  and  cE2  but  that  the  Rotta 
model  contains  adclitional^terms .  Voges  / 6 /  has 
compared  the  Rotta  model  with  other  two-equation 
models  of  turbulence,  including  the  k-e-model, 
in  their  capability  to  "postdict"  the  boundary 
layer  data  of  the  1968  -  Stanford  Conference 
/ 7 / .  He  shows  that  it  is  in  particular  the  last 
term  in  Eq.  (7)  which  causes  considerable  de¬ 
ficiencies.  If  c2  is  set  zero,  the  predictive 
power  of  the  Rotta  model  is  similar  to  that  of 
the  k-e-model. 

The  third  choice  is  an  equation  for  vt 
rather  than  one  for  l  or  e .  Defining 

u2 

(10) 
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and  using  again  the  algebraic  relation  between 
vt,  e  and  k  one  obtains  an  equation  for  X 
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where  c,  »  0  has  been  Introduced  and  the  con¬ 
stants  are 
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(The  numerical  values  are  for  the  Rotta  model) . 

Finally,  a  general  relation  between  the 
constants  can  be  obtained  by  requiring  that  the 
universal  law  at  the  wall  should  be  satisfied. 
From 


1  y  UT 

u  (— ■  in  - - 

T  K  V 


C) 


(12) 


where  x  *  0.4  is  von  K&rm&n ' s  constant  and  Eq. 
(8)  follows  k  «  u|/c2/3  ,  A.  *  k  u  y/cD  and 
from  Eq .  (11)  one  obtains  T 

ce2  "  cel  *  *2  c~2/3(ce7  '  1/Pre)  =  0  <13) 

This  equation  will  be  used  to  determine  c  7  in 
the  modified  Rotta  model.  e 

WAVE-LIKE  SOLUTIONS 

A  certain  class  of  non-linear  diffusion 
equations  are  known  to  degenerate,  if  the  dif¬ 
fusion  coefficient  depends  non-linearly  on  the 
solution  and  vanishes  at  a  boundary  at  infinity. 
A  well-known  example  of  an  equation  from  this 
class  is  the  so  called  'Porous  Media  Equation' 
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or  the  'Thermal  Wave  Equation'  of  Zeldovich  /8 / 
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with  the  boundary  condition  v,T-»0asx-*«. 
Eqs.  (14)  or  (15)  have  solutions  with  peculia¬ 
rities  in  the  form  of  discontinuous  derivatives. 
The  mathematical  theory  for  such  degenerate  pa¬ 
rabolic  equations  has  been  developed  In  /  9  /  - 
/1 3/.  For  instance,  the  solution  of  Eq.  (15) 
with  a  constant  temperature  T0  on  the  boundary 
x  »  0  has  the  form  as  shown  in  Fig.  1  (cf.  /8/, 
p.  673) .  It  is  a  thermal  wave  front  with  a  front 
coordinate  Xf  proportional  to  (a  Tg  t)1/2  and  a 
propagation  velocity  proportional  to  (a  Tg/t)1^2. 


Fig.  1:  Schematic  solution  of  Zeldovich's 
thermal  wave 


Ahead  of  the  front  the  temperature  remains  un¬ 
disturbed.  This  is  in  contrast  to  the  solution 
of  the  classical  linear  heat  conduction  equa¬ 
tion,  where  the  propagation  velocity  is  infinite. 

The  1-equation  turns  into  a  form  very  simi¬ 
lar  to  Eq.  (15)  for  v  0  if  the  boundary  1  «  0 
is  applied  at  r  ■*  «  .  It  is  easily  verified 
that  in  this  qase  the  undisturbed  solution  1 »  0 
satisfies  the  equation.  One  may  therefore  expect 
a  discontinuous  derivative  to  develop  at  a  fi¬ 
nite  radius  rf.  The  existence  of  a  discontinuity 
in  free  shear  flows  for  v  -*  0  is  in  fact  well 
known  for  Prandtl's  mixing  length  model  (Schlich- 
ting  / 1 4 /  p.  680)  and  Rotta's  k-i-model  /4/.For 
finite  but  small  values  of  v  this  discontinuity 
is  smeared  out.  However,  if  the  boundary  con¬ 
ditions  are  applied  at  large  values  of  r  and  v 
is  small,  the  degenerate  character  of  the  equa¬ 
tion  may  lead  to  severe  stability  problems.  It 
seems  that  in  many  numerical  calculations  the 
generated  numerical  viscosity  rescues  the  situ¬ 
ation. 


THE  SIMILARITY  SOLUTION 

We  introduce  the  similarity  coordinates 
5  *  (x+xQ) /d  ,  n  *  yr/(£d)  (16) 

and  the  stream  function 

0/  »  d  g  F(E,n)  (17) 
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where  v  -  is  related  to  the  spreading  para¬ 
meter  y,  the  nozzle  diameter  d,  the  nozzle  exit 
velocity  Uq  and  the  non-dimensional  center  line 
decay  of  the  velocity  a  *  dluc/u0)/d£  as 
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The  continuity  equation  is  satisfied  by 
uv  *  3V/3r  ,  vr  -  -3V/3x 
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Introducing  these  definitions  into  the  momentum 
equation,  one  obtains  for  the  non-dimensional 


velocity  U  =  u/uc  =  F^/n 
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Here  the  Chapman -Rube sin  parameter 

C  •  (vfc  +  v)/vtref  =  A  *  cv 

contains  contributions  from  the  turbulent  as 
well  as  the  laminar  viscosity.  Since  u0d/vtref 
is  typically  70  in  a  round  jet,  c  is  of  the 
order  70/Re. 

In  the  similarity  region  (3/3£*  0)  this 
equation  can  be  integrated  once  using  the  boun¬ 
dary  conditions  F  ■  0,  0  *  1  as  11  ■  0  and  U  -»  0 
as  n  00  to  obtain 

-FU  »  C  n  3U/3n  (22) 

Introducing  the  non-dimensional  quantities 

<  *  k  E2/(bu2),  A  »  l/(u0  dc)  *  cD  x/vtref  l23) 

one  obtains  for  the  turbulent  kinetic  energy  and 
the  turbulent  viscosity  the  equation 
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The  system  of  ordinary  differential  equations 
obtained  in  the  similarity  region  has  to  satis¬ 
fy  two  more  boundary  conditions  than  neccessary. 
It  therefore  represents  an  eigenvalue  problem 
for  two  parameters,  for  instance  Ei  and  E2  re¬ 
lated  to  the  center  line  decay  coefficients  b 
and  c.  In  the  numerical  method,  however,  it  was 
found  neccessary  to  prescribe  Ei  and  consider 
E2  and  ce2  as  eigenvalues. 


pig.  2:  Similar  solution  of  the  axial  velocity 
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Fig.  3:  Similar  solution  of  the  kinetic  ener¬ 
gy  of  turbulence 

The  similarity  equations  were  solved  by  a 
multiple  shooting  method  using  a  program  pack¬ 
age  developed  by  Burlisch  and  Stoer  (cf.  /IS/) . 
The  outer  boundary  condition  was  imposed  at  n*6. 
In  particular  the  solution  for  the  k-e  model  wbs 
extremely  difficult  to  obtain.  This  is  seen  by 
considering  the  limit  n  ■»  "  with  <  *  0  pre¬ 
scribed.  Then  the  diffusion  term  and  the  term 
containing  the  coefficient  cE7  balance  and  one 
obtains  in  the  limit  c..  *  0 


A  ~  (n  -  nf) 


ce7Pre 


for  the  Rotta  model 


X  ~  exp  n  for  the  k-e  model. 

For  ce7  >  0  the  Rotta  model  shows  the  discon¬ 
tinuity  at  nf  discussed  in  the  preceeding  para¬ 
graph,  while  the  k-e  model  shows  an  increase  to 
infinity  as  n  -  <*. 

The  stiffness  of  the  equations  can  also  be 
seen  by  considering  the  asymptotic  limit  of  large 
values  of  Ei  with  E2/E1  *  OP).  This  limit  is 
justified  for  large  n  by  the  fact  that  3U/3n  is 
small  and  Ei  is  of  order  ten.  Then  to  leading 
order  there  results  from  the  k-equation  the 
approximation  Eq.  (8).  The  same  limit,  applied 
to  the  e-equation  yields  a  value  of  e  which  is 
cEl/ce2  times  that  obtained  from  the  k-equation. 
This  contradiction  can  only  be  resolved  by  re¬ 
quiring  that  cci/cgjdif fers  from  one  only  by  an 
amount  of  order  0 ( E 7" 1 )  ,  which  is  at  least  not 
evident.  The  existence  of  two  competing  fix- 
points  for  large  Ei  adds  certainly  to  the  nume¬ 
rical  difficulties  posed  by  the  k-e-model. 

Typical  profiles  for  both  models  are  shown 
in  Fig.  2-4.  The  region,  where  the  profiles  de¬ 
cay  to  zero,  has  been  blown  up  in  these  figures. 
The  corresponding  sets  of  parameters  are  given 
in  Table  1.  Using  Eqs .  (18)  and  (23)  as  well  as 

the  momentum  integral 
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the  spreading  parameter  and  the  decay  coeffi¬ 
cients  were  obtained  from 
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Fig.  4  t  Similar  solution  of  the  turbulent 
viscosity 


A  GLOBAL  STABILITY  ARGUMENT 


In  this  paragraph  we  want  to  develop  a  glo¬ 
bal  stability  argument  which  will  be  useful  for 
the  interpretation  of  the  subsequent  stability 
results.  We  will  only  consider  the  k-e  model 
and  write  the  e-equation  for  the  normalized 
quantity 

E  -  e  c  d  £4/ (b2  uj)  (28) 

as 
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We  assume  U  «  U  In)  and  F  *  F  (n)  to  be  indepen¬ 
dent  of  £  and  introduce  for  <and  E  small  per¬ 
turbations  around  the  similarity  solution 
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E  «  ES(T1)  *  E'  (£,n)  (30) 

c  »  c#(n)  *  C' (£,n) 

where  C'  »  2k'<3/E  -  E'k2/e2  .  Introducing 

these  into  Eqs.  (2?)  and  f 28 f  yields  the  pertur¬ 
bation  equations 
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In  order  to  simplify  the  analysis  we  introduce 
the  approximation  (justified  by  the  similarity 
solution)  that  <a  may  be  set  equal  to  E  and 
that  s 
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where  x  is  a  constant  of  order  one  to  be  esti¬ 
mated  from  the  similarity  solution.  Integrating 
over  the  equations  and  introducing  the  defi¬ 
nitions 
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the  diffusion  terms  and  part  of  the  convective 
terms  drop  out  and  one  obtains  with  < 1 ( 0 )  = 
<’(“)  »  E  *  ( 0 )  *  EM")  s  0  the  equations 


I1  -  E2(2hI2  -  (1+x)I4) 

3I3*  E2  [(ce1H  +  ce2n2  ~  2ce2  Z4 


(35) 


Since  Ug  is  always  positive,  it  lies  within  the 
accuracy  of  the  previous  assumptions  to  relate 
I)  with  Ij  and  I3  with  1 4  by  Ij  *  m  Ip  I)  ! 
m  I2  with  m  slightly  larger  than  one.  Then  one 
obtains  a  solvable  system  of  two  linear  ordina¬ 
ry  differential  equations  with  the  solution 

I ,  -  A1  £u  ,  I3  *  A3  (36) 

where  u  is  complex  with  a  real  part 

Real  (u)  *  2  +  E2  m(x  -  ce2)  (37) 


Typical  values  are  E2  *  1.8,  m  *  1.2,  x  *  1.0 
and  ce2  *  1.9  leading  to  an  approximately  va¬ 
nishing  real  part  of  u  and  therefore  to  margi¬ 
nal  instability.  Small  changes  in  the  parame¬ 
ters  would  influence  the  stability  of  the  solu¬ 
tion  considerably. 


THE  STABILITY  ANALYSIS 

A  large  number  of  numerical  calculations 
was  performed  with  different  combinations  of 
parameters  used.  The  linear  stability  analysis 
consisted  in  perturbing  all  similar  profiles 
including  F  and  U  in  the  form  of  Eq.  (30)  and 
discretising  the  resulting  perturbation  equation 
by  using  finite  difference  formulas  to  obtain  a 
matrix  eigenvalue  problem  of  the  form 


when  x  is  the  vector  of  Fj.,  U,,  ici,  Aj.(i»2, _ 

n-1).  Here  n  »  17  was  the  number'of  mesh  points 
of  the  discretisation. 
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Fig.  5:  Unstable  eigenvectors  of  the  case  1 
velocity  profile 


The  eigenvalue  problem  was  solved  using  a 
standard  package  and  the  resulting  eigenvalues 
were  analysed.  All  results  showed  at  least  one 
positive  eigenvalue  and  were  therefore  unstable. 
The  eigenvectors  corresponding  to  the  positive 
eigenvalues  were  also  analysed.  It  was  found 
that  there  existed  two  typical  shapes  of  the  ei¬ 
genvectors.  As  an  example,  in  the  k-e  model  cal¬ 
culation  case  1  with  c\  *  0.04  two  real  positive 
eigenvalues  (out  of  60),  m»4.36l  and 
ware  found.  The  corresponding  eigenvectors  are 
shown  in  Figs.  5-7.  The  first  type  eigenvec¬ 
tors  belonging  to  ui  are  small  for  n  <  2  but 
blow  up  at  around  n  *  3.1  with  an  oscillatory 
behaviour  for  larger  n.  The  largest  amplifica¬ 
tion  of  the  instability  occurs  clearly  in  the 
region  where  the  profiles  decay  to  zero.  The 
second  type  eigenvectors  corresponding  to  the 
second  eigenvector  have  a  maximum  for  n  •<  2.0 
and  decay  with  small  oscillations  to  large  n. 
Only  the  second  type  was  observed  in  all  calcu¬ 
lations.  It  was  found  that  the  eigenvalues  cor¬ 
responding  to  the  first  type  increased  strongly 
with  decreasing  c\  while  the  second  type  eigen¬ 
values  were  independent  of  c\  .  For  instance, 
in  the  k-e  model  calculation  case  2  with  c^  * 
0.0575  the  type  1  instability  had  vanished  and 
only  one  positive  eigenvalue  was  found  with  an 
eigenvector  of  type  2.  The  same  situation  is 
found  in  the  Rotta  model  calculation,  case  3. 

An  Inspection  of  the  steady  profiles  shows  a 
more  rapid  change  in  the  derivatives  around  n  » 
3.1  in  case  1  than  in  the  outer  two  cases.  We 


Fig.  6:  Unstable  eigenvectors  of  the  case  1 
kinetic  energy  profile 

therefore  believe  that  the  type  1  instability 
originates  from  the  wave-like  character  of  the 
solution.  This  is  supported  by  the  fact  that  it 
disappears  with  increasing  c^  .  The  other,  the 
remaining  instability,  seems  to  correspond  to 
the  global  instability  analysed  in  the  precee- 
ding  paragraph.  It  originates  essentially  from 
the  different  power  law  of  the  centerline  decay 
of  k  and  e  (kc  ~  £-2,  e_  -  £“4) which  leads  to 
the  first  term  in  Eq.  (37). 
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Fig.  7:  Unstable  eigenvectors  of  the  case  1 
turbulent  viscosity  profile 


A  non-linear  stability  analysis  was  per¬ 
formed  by  inserting  the  similarity  solution  as 
initial  profiles  into  the  Eqs.  (20),  (24) -(25) 
which  were  solved  using  a  finite  difference 
method  with  400  spatial  net  points.  The  outer 
boundary  condition  was  imposed  at  n  *  6.  It  was 
found  that  the  solution  blows  up  very  rapidly 
for  all  k-e  model  calculations  including  case  1 
and  2,  while  it  stays  essentially  stable  for 
many  Rotta  model  calculations  including  case  3. 
It  seems  that  in  the  latter  case  the  instability 
is  damped  by  non-linear  effects.  This  should  not 
lead  to  the  conclusion  that  the  Rotta  model  is 
always  stable,  even  though  it  may  be  a  candidate 
for  calculations,  where  the  k-e  model  show*  - 
severe  stability  problems. 


CONCLUSIONS 

Two  types  of  instabilities  have  been  iden¬ 
tified  in  free  turbulent  shear  flow  calculations. 
The  first  type  results  from  the  wave-like  cha¬ 
racter  of  the  equations  and  develops  in  the  re¬ 
gion  where  the  turbulence  decays  discontinuously 
to  zero  at  the  outer  edge.  The  second  type 
appears  to  be  inherent  to  the  k-e  model  and  may 
be  attributed  to  the  different  power  law  decay 
of  these  two  quantities.  Both  instabilities 
appear  to  be  weak.  This  also  explains  the  suc¬ 
cess  of  numerical  damping  and  of  special  mani¬ 
pulations  in  the  iteration  procedure.  There  is 
no  doubt,  however,  that  a  set  of  modelled  equa¬ 
tions  that  do  not  provide  a  stable  solution  is 
unsatisfactory.  It  seems  neccessary  to  develop 
special  numerical  techniques  to  take  the  dege¬ 
nerate  character  of  the  equations  into  account. 
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INTRODUCTION 

For  more  than  a  decade,  researchers  have  been 
calculating  with  the  use  of  k-e  turbulence  models  a 
wide  variety  of  flow  fields.  In  many  applications 
these  calculations  are  considered  routine;  however,  a 
close  inspection  will  reveal  that  it  takes  considerable 
experience  to  write  and  make  useful  a  computer  program 
to  solve  any  given  physical  problem.  The  source  of 
many  of  these  difficulties  is  that  the  equations  are 
not  derived  from  exact  principles,  and  it  is  possible 
that  they  stay  not  approach  proper  limits  or  that  the 
boundary  and  initial  conditions  are  not  well  defined. 
Even  with  these  difficulties  it  is  very  important  that 
this  level  of  modeling  be  improved  since  k-e  modeling 
does  yield  both  a  length  and  tisw  scale  for  turbulence. 
Also,  in  many  applications  such  as  three-dimensional 
flow  or  flow  with  chemical  reaction  there  is  a  need  to 
limit  the  number  of  equations  to  be  solved  to  a 
minimum. 

It  is  the  present  author's  belief  that  there  is  a 
need  to  apply  sensitivity  analysis  Co  k-e  turbulence 
modeling.  Sensitivity  analysis  allows  for  a  unique 
and  systematic  understanding  of  how  the  model  depends 
on  its  parameters  for  a  given  flw.  With  this  type  of 
information,  improvements  and  extensions  can  be  carried 
out  in  a  scientific  way,  and  there  will  be  less  of  a 
chance  of  different  parameters  being  changed  by  differ¬ 
ent  investigators  in  order  to  arrive  at  the  same  physi¬ 
cal  result.  In  the  present  paper,  sensitivity  analysis 
has  been  applied  to  turbulent  round  jet  flows  with  and 
without  variable  density.  This  flow  is  particularly 
interesting  since  it  is  one  of  the  most  important  fail¬ 
ures  of  the  k-e  model  and  because  of  the  key  role  that 
the  round  jet  plays  in  mixing  devices  and  diffusion 
flames. 

There  have  been  many  proposed  model  "constant” 
variations  [1-3]  which  have  been  applied  in  order  to 
achieve  the  proper  spreading  rate  of  the  round  jet 
with  Che  k-e  sndel.  It  will  be  shown  from  Che  present 
results  chat  almost  all  of  the  constants  could  have 
been  used  because  of  Che  conservation  of  momentum  pro¬ 
perty  of  Che  jet,  and  tha  fact  Chat  the  length  scale  is 
approximately  constant  across  the  jet.  These  results 
imply  Chat  there  is  no  unique  way  of  correcting  Che 
flow  and  that  other  flows,  together  with  Che  round  jet, 
will  have  Co  be  found  in  order  to  obtain  a  more  univer¬ 
sal  set  of  model  parameters  or  even  functions. 

BAB IS  ANALYSIS 

The  transport  equations  and  k-e  equations  which 
are  applicable  to  a  variable  density  round  jet  flov 
and  which  are  formulated  in  terms  of  mass  weighted  or 

Fsvre  averages  are  given  as 


Continuity  Eqn. 
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Eq.  of  State 
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Turbulent  Stress  Eqn. 
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where  u  and  v  are  the  mean  primary  and  transverse 
velocities,  k  and  e  the  kinetic  energy  and  dissipation 
rate  in  Che  flow,  Cu,  C},  and  C2  Che  major  empiri¬ 
cal  constants  of  che  model,  C  concentration  of  the  jet 
specie,  p  the  local  density  of  the  fluid,  and  x  and  y 
che  respective  coordinates  of  u  and  v.  The  actual 
calculations  were  carried  out  in  a  coordinate  system 
which  expanded  with  the  jet.  This  coordinate  system  is 


A  procedure  for  the  application  of  sensitivity 
analysis  to  che  above  system  of  equations  is  to  differ¬ 
entiate  the  system  of  equations  with  respect  to  that 
parameter.  The  resulting  transformed  equation  for  a 
sensitivity  variable  such  as  U  •  3u/3ut  is 
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Mo— ntum  Sensitivity  Egg. 
k  <S“2  *  to«  5)  -  £1^  ±  (Su2  ♦  2pu  0) 
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From  the  rema ining  transport  equations  of  the 
system  eo—  ch«  other  independent  equations  needed  to 
solve  {or  the  complete  sat  of  sensitivity  variables 
which  are: 


e.|£- 

3u7 


V  -  p- 

3u„ 


K.iis- 

3u„ 


For  —at  applications,  it  is  convenient  to  present  the 
sensitivity  results  in  terns  of  normalized  sensitivity 
coefficients  which  can  be  interpreted  directly  in  terms 
of  percentage  changes.  A  typical  "percent"  sensitivity 
coefficient  is 


and  the  —  jority  of  the  results  will  be  presented  in 
this  form  except  in  those  cases  where  the  normalization 
variables  are  zero.  It  should  also  be  pointed  out  that 
the  — the— tical  nature  of  the  sensitivity  equations  is 
identical  to  the  original  equations  and  that  the  same 
nuae rical  method  can  be  used  for  both  systems  of  equa¬ 
tions.  The  physical  transport  equations  were  solved 
with  an  illicit  — rching  sche—  which  employed  itera¬ 
tion  for  the  nonlinear  turbulent  transport,  while  the 
linear  sensitivity  equations  were  solved  vith  the  same 
implicit  — thod  but  without  iteration. 


The  results  will  be  presented  so  that  the  influ¬ 
ence  of  veriable  density  will  appear  as  a  para— ter  in 
the  figures.  The  round  jet  flow  has  been  calculated 
with  a  co-flowing  stream  and  with  the  following  density 
ratios  between  the  co-flowing  stream  (Pc)  and  the 
jet  flow  (Pj) 


“  *  1.  2,  4,  8 


The  density  ratio  of  case  eight  is  very  close  to  that 
of  a  hydrogen  diffusion  flame  and  the  results  obtained 
do  have  implications  for  this  flow. 

Shown  in  Figure  (1)  are  four  velocity  profiles  at 
identical  locations  (x/D  =  40;  downstream  with  the  sa— 
initial  conditions  except  for  the  variable  density. 
These  profiles  have  been  calculated  with  the  "standard" 

[4]  model  conatants  without  any  correction  for  the 
round  jet.  The  density  profiles  are  shown  in  Figure 

(2)  for  the  sa—  locations,  and  all  of  Che  calculations 
are  far  enough  downstream  so  that  the  influences  of 
initial  conditions  are  a  minimum  on  the  turbulent 
transport  coefficients.  Typical  distributions  for  che 
turbulent  viscosity,  pt,  and  the  turbulent  kinetic 
energy,  k,  are  shown  in  Figures  (3)  and  (4),  and  it 
should  be  poineed  out  that  zero  gradient  boundary 
conditions  have  been  employed.  Also,  in  order  to  limit 
Che  iofluenes  of  turbulent  transport  outside  of  the  jet 
boundaries,  a  standard  intarmitcancy  factor  correction 

[3]  has  bean  applied  to  Ut-  This  correction  had  very 
little  influence  on  che  jet  spreading  rate,  but  did 
effectively  cut  off  turbulent  transport  for  turbulent 
Schmidt  numbers  less  than  one  outside  the  jet  boundar¬ 
ies.  (Noce:  A  turbulent  Schmidt  number  of  .7  has  been 
used  in  the  species  equation  for  all  of  che  calcula¬ 
tion  in  Figures  (1)  through  (4). 


Sensitivity  coefficients  to  the  para— ter  Cu  are 
shown  in  Figures  (5)  through  (9)  for  the  variables  u, 
k,  c  ,  p,  and  pu.  The  velocity  sensitivities  in  Figure 

(5)  are  relatively  s— 11  and  are  strongly  influenced 
by  the  conservation  of  momentum  property  of  the  jet. 
These  results  can  be  interpreted  in  the  following  way. 
An  increase  in  Cy  tends  to  increase  turbulent  viscos¬ 
ity,  ut,  which  causes  a  decrease  in  velocity  at  che 
centerline  and  a  negative  sensitivity  coefficient. 
However,  since  jet  momentum  must  be  conserved,  che 
velocity  in  the  outer  part  of  the  jet  must  increase. 
The  sa—  logic  can  be  applied  to  the  u  velocity  sensi¬ 
tivities  for  any  para— ter  of  che  k-e  model,  and  the 
nu— rical  results  verify  this  conclusion.  Therefore, 
the  u  velocity  sensitivity  distribution  is  almost  the 
sa—  form  when  any  constant  is  varied  to  obtain  a 
correct  spreading  rate,  and  it  is  very  difficult  to 
arrive  at  an  appropriate  reason  for  —del  failure. 

It  is  rather  surprising  that  the  influence  of  che 
large  density  variation  does  not  cause  a  much  larger 
change  in  che  structure  of  the  —del.  This  lack  of 
sensitivity  to  density  variation  can  be  easily  seen  in 
Figures  (5)  and  (7)  where  the  sensitivity  distributions 
of  k  and  e  are  shown.  Even  chough  the  values  of  che 
sensitivity  coefficients  are  — ch  larger,  che  influence 
of  variable  density  contribution  is  rather  weak.  The 
sensitivity  coefficient  for  p,  Figure  (8),  does  show  a 
variable  density  influence  and  this  combined  with  a 
Schmidt  number  less  than  one  causes  the  sensitivity 
coefficient  for  pu,  Figure  (9),  to  show  a  very  strong 
density  dependence.  The  change  in  the  sign  of  the  sen¬ 
sitivity  coefficient  for  pu  at  the  boundaries  is  indi¬ 
cative  of  the  overshoot  and  undershoot  behavior  Chat 
this  variable  can  exhibit  in  variable  density  flows. 

The  sensitivity  coefficients  for  the  para— ter  Cy 
are  well  behaved,  but  the  sa—  cannot  be  said  for  the 
para— ter  Cj  appearing  in  the  e  equation.  Shown  in 
Figures  (10)  through  (13)  are  the  Cj  sensitivities 
for  the  variables  u,  k,  ut,  and  pu.  The  two  —  jor 
changes  in  these  results  compared  co  the  Cy  results  are 
the  —  ch  larger  values  of  sensitivity  coefficients  and 
Che  very  large  sensitivities  near  the  boundaries.  The 
sensitivity  coefficients  for  k  and  U[  are  extremely 
large  and  unphysical  at  che  boundaries.  Also,  at  the 
boundaries  there  does  seem  to  be  substantial  density 
influence  on  the  —del,  and  it  seems  highly  unlikely 
that  the  k-e  —del  will  give  a  good  length  and  time- 
scale  prediction  at  jet  boundaries.  For  — ny  applica¬ 
tions  where  che  outer  flow  is  essentially  equiescent 
this  — y  not  pose  a  problem;  however,  if  there  are 
important  turbulent  characteristics  in  the  outer  flow, 
it  is  doubtful  whether  the  k-e  —del  will  do  a  realis¬ 
tic  job.  Both  the  sensitivity  coefficients  for  u  and 
pu  show  a  similar  behavior  co  Cy  but  with  opposite  sign 
and  — ch  larger  values.  Again,  all  of  the  character¬ 
istics  can  be  easily  explained  by  conservation  of  jet 
momentum  and  a  Schmidt  number  less  than  one. 

During  che  past  few  years  it  has  been  proposed 

[6]  that  turbulent  Schmidt  numbers  —  ch  less  chan  one 
are  needed  to  describe  scalar  transport  with  the  k-e 
—del.  In  order  to  test  this  hypothesis,  sensitivity 
analyses  with  C[  have  been  performed  for  a  Schmidt 
number  of  .7  and  .25  in  Figures  (14)  and  (15)  for  the 
—an  velocity  and  density  variables.  In  a  qualitative 
sense,  the  results  in  these  figures  show  that  the 
structure  of  the  model  is  che  same  at  the  two  different 
Schmidt  numbers  since  it  is  difficult  to  discern  any 
noticeable  changes.  Since  these  results  have  been 
carried  out  for  an  8/1  density  ratio,  there  must  be 
quantitative  differences  in  p  and  u  sensitivicies  if 
the  conservation  properties  of  the  jet  are  to  be 
satisfied.  In  general,  it  can  be  said  chat  the  C; 
sensitivities  are  low  for  the  lower  Schmidt  numbers 
because  of  the  very  high  turbulent  dif fusivities  asso¬ 
ciated  with  this  condition.  Under  these  conditions, 
the  flow  is  —re  dominated  by  the  diffusivity  rather 
than  the  constants  in  the  e  equacion. 

Another  interesting  situation  for  the  application 
of  sensitivity  analysis  is  che  initial  profiles  or 
conditions  of  the  round  jet.  The  primary  reasons  are 
due  co  che  fact  that,  in  most  situations,  the  initial 
conditions  are  not  well  known  and  also  that  the  round 
jet  decays  very  quickly.  In  the  present  cslculations, 
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tha  initial  mean  velocity  profile  wae  assumed  flac 
with  a  chin  cosina  transition  profile,  while  Che  k  and 
c  profilas  were  determined  from  the  assumption  of 
production  equals  dissipation.  Typical  mean  velocity 
profiles  are  shown  in  Figure  (16)  aC  a  distance  of 
approximately  8  diameters  downstream  from  the  inlet 
and  for  a  8/1  density  ratio,  while  Che  sensitivity 
coefficients  of  u  and  uc  to  Ci  are  given  in  Figures 
(17)  and  (18).  The  u  sensitivities  are  similar  to 
poaitions  downstream;  however,  Che  sensitivities 

are  very  large  and  probably  unphysical.  This  is  parti¬ 
cularly  true  ac  the  boundary  of  the  jec,  and  it  should 
be  recoaended  that  the  k-e  model  be  used  only  with 
caucion  near  Che  jec  boundaries.  Also,  it  seems  from 
Che  very  high  values  of  uc  sensitivities  in  the  ini¬ 
tial  region,  Chat  physical  phenomsna,  such  as  flame 
blow-off  which  depends  on  Che  initial  profiles,  be  pre¬ 
dicted  by  k-e  models  with  a  large  measure  of  caution. 
These  cypes  of  profiles  represent  situations  far  from 
the  flows  chosan  to  determine  the  model  empirical 
constants,  and  with  the  large  sensitivity  coefficients 
it  is  highly  unlikely  that  Che  predictions  will  be 
accurate . 

CONCLUSIONS 

It  has  been  shown  chat  sensitivity  analyses  can 
be  used  to  systematically  understand  Che  structure  of 
the  k-c  model  applied  to  a  complex  flow.  In  the  appli¬ 
cation  of  sensitivity  analysis  to  Che  round  jec  flow, 
it  has  been  found  chat  the  flow  is  strongly  dominated 
by  the  jec  conservation  of  momentum  property.  All 
sensicivity  coefficients  relating  to  density  and  velo¬ 
city  show  similar  behavior  because  of  the  conservation 
constraint,  and  almost  all  of  the  parameters  of  the 
modal  can  be  used  Co  some  degree  to  correct  Che  round 
jet  spreading  rata.  The  major  results  of  the  investi¬ 
gation  are: 

(1)  Density  variation  has  a  surprisingly  weak 
influence  on  the  structure  of  the  k-c  model, 
and  there  were  no  major  qualitative  changes 
in  the  behavior  of  the  sensitivity  coeffi¬ 
cients  with  density  variation  except  near 
the  jet  boundary. 

(2)  Ac  the  jet  boundaries,  Che  k-c  model  yields 
very  high  sensicivity  coefficients  for  k  and 
c  to  the  parameters  appearing  in  thosa  equa¬ 
tions.  These  large  sensitivities  do  not  seem 
to  be  physically  correct  and  it  seems  very 
questionable  whether  the  model  can  be  used 
with  confidence  at  the  boundary  locations. 

(3)  Near  Che  initial  region  of  a  round  jet  flow 
Che  k-e  model  is  very  sensitive  to  the  para¬ 
meters  on  which  it  depends.  This  sensitivity 
occurs  throughout  the  entire  jec  and  is 
maximum  ac  the  boundary.  Because  of  the 
rapid  decay  race  of  Che  round  jet,  this  fact 
could  have  a  large  influence  in  many 
practical  situations  which  depend  strongly 
on  initial  conditions. 

(A)  The  round  jet  is  not  a  good  flow  to  tune  k-c 
model  constants  because  of  the  vary  strong 
constraint  of  jec  conservation  of  momentum. 
All  model  constant  variations  which  predict 
an  almost  flat  length  scale  variation  across 
the  jet  can  be  used  to  predict  a  proper 
spreading  rate.  Therefore,  the  proper  k-c 
model  which  will  predict  Che  correct  round 
jet  flow  must  be  found  from  a  variation  of 
the  round  jet  or  another  flow. 
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Figure  1.  Round  jet  mean  velocity  profiles 
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Figure  2.  Round  jet  density  distribution 
for  different  density  racios 
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Figure  3.  Round  jet  turbulent  viscosity 
distribution  for  different  density  ratios 


Figure  6.  Turbulent  kinetic  energy  sensitivity 
to  Cu  for  different  density  ratios 
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Figure  4.  Round  jet  turbulent  kinecic  energy 
distribution  for  different  density  ratios 


Figure  7.  Turbulent. dissipation  sensitivity 
to  Cy  for  different  density  rstios 
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Figure  5.  Priaary  velocity  sensitivity 
to  Cu  for  different  density  ratios 


Figure  8.  Density  sensitivity  to  Cy  for 
different  density  ratios 


Figure  11.  Turbulent  kinetic  energy  sensitivity 
to  Ci  for  different  density  ratios 


Figure  14.  The  effect  of  Schmidt  number  on 
primary  velocity  sensitivity  to  Cj 
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Figure  15.  The  effect  of  Schmidt  number 
on  density  seneitivity  to  Ci 


Figure  18.  Upstream  viscosity  sensitivity 
to  Ci  for  different  density  ratios 
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Figure  16.  Round  jet  upecream  mean  velocity 
profiles  for  2  different  density  ratios 
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Figure  17.  Upstream  velocity  sensitivity 
to  Ci  for  different  density  ratios 
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INTRODUCTION 


Statistical'  properties  of  the  turbulent /non- 
turbulent  interfaces  in  the  near  region  of  an  asymmetric 
wake  generated  by  a  pair  of  closely-spaced,  unequal- 
diameter  cylinders  have  been  determined  by  means  of  di¬ 
gital  image  analysis  of  cine  flow  visualization  pictures 
of  the  flow.  The  results,  comprising  moments,  burst 
races,  correlations  and  auto-spectra,  indicate  that  the 
lower  interface  of  the  flow,  which  is  associated  with 
Che  large  cylinder,  has  markedly  steeper  slopes,  on  the 
average,  than  the  upper  interface  and  its  motion  is  con¬ 
siderably  less  random  than  that  of  the  latter.  Moreover, 
they  establish  that  a  "Karman  vortex  street",  centred  in 
the  lower  part  of  che  wake  and  with  a  characteristic 
frequency  corresponding  to  a  Strouhal  number  signifi-  . 
candy  less  than  that  pertaining  to  che  symmetric  cy¬ 
linder  generated  wake,  is  produced. 

NOMENCLATURE 

Dx  -  lower  cylinder  diameter,  mn. 

Dj  -  upper  cylinder  diameter,  mm. 

D  -  equivalent  diameter  equal  Co  (Dx  +  D, )/2  +  L,  mm. 

E  -  auto-spectrum,  s. 

F  -  flatness  factor. 

f  -  burst  rate,  Hz. 

f  -  burst  race  at  the  mean  interface  position,  Hz. 

o 

L  -  spacing  between  cylinder  centres. 

N  -  number  of  cine  picture  frames. 

n  -  frequency,  Hz.. 

n^  -  vortex  shedding  frequency,  Hz. 

S  -  skewness  factor, 
c  -  time,  s. 

Ux  -  free-stream  velocity,  ms~l. 
x  -  streamwise  coordinate. 

Y  -  instantaneous  lateral  interface  position,  mm. 

Y  -  mean  value  of  Y,  mm. 

y  -  lateral  coordinate,  or  instantaneous  lateral  inter¬ 
face  position  relative  to  Y,  mm. 
y'  -  root-mean-square  value  of  Y,  mm. 

z  -  spanwise  coordinate. 

a  -  reference  variable. 

S  -  reference  variable.  , 

At  -  time  interval  between  cine  pictures  frames,  s. 
o  -  auto-  or  cross-correlation  function, 
r  -  time  lag,  s. 

*  -  instantaneous  interface  slope,  equivalent  to 

3Y/3x  . 

7  -  mean  value  of  t,  deg.  _ 

*  -  instantaneous  interface  slope  relative  to  #  . 
a'  •  root -mean-square  of  *. 

Subscripts 
U  -  upper . 

L  -  lower, 

y  -  position. 

*  -  slope. 


Recent  experimental  results  (e.g.,  see  Keffer, 
Kawall,  Giralt  and  Beguier,  1979)  have  shown  that  the 
turbulent  transport  mechanism  associated  with  certain 
"asymmetric"  turbulent  shear  flows  is  fundamentally  dif¬ 
ferent  from  chat  associated  with  classical  "symmetric" 
flows,  viz,  wakes  and  jets  with  symmetrical  mean  pro¬ 
files,  and  mixing  layers  and  boundary  layers  with  mono- 
conically-varying  mean  profiles.  Such  asymmetric  flows 
have  been  found  to  contain  well-defined  localized  re¬ 
gions  within  which  the  net  production  of  turbulence 
kinetic  energy  (or  its  thermal  equivalent)  is  negative. 
One  such  flow  is  the  turbulent  wake  generated  by  a  pair 
of  closely-spaced,  unequal  diameter  circular  cylinders, 
which  was  first  studied  experimentally  by  Palmer  and 
Keffer  (1972).  , 

In  a  review  paper  on  negative  production,  Beguier, 
Giralt,  Fulachier  and  Keffer  (1977)  suggested  that  the 
existence  of  the  negative  production  zone  in  the  Palmer- 
Keffer  wake  was  linked  to  the  presence  of  "Karman  vortex 
street"  (KVS)  activity,  i.e.,  the  quasi-periodic  occur¬ 
rence  of  relatively  highly-organized  motion,  or  coherent 
structures,  within  the  near  region  of  this  flow.  We 
note  that  Diaz,  Gavalda,  Kawall  and  Giralt  (1982)  have 
found  zones  of  negative  production  in  the  case  of  a 
wake  produced  by  a  rotating  circular  cylinder,  as  did 
Gavalda,  Diaz,  Giralt,  Kawall  and  Keffer  (1983)  in  che 
more  complicated  situation  of  a  wake  generated  by  a 
pair  of  closely-spaced,  equal  diameter  circular  cy¬ 
linders,  one  of  which  is  rotating.  In  both  instances, 
the  results  indicate  that  che  occurrence  of  these  zones 
is  related  to  KVS  activity. 

In  an  effort  to  gain  further  insight  into  the 
structure  of  the  Palmer-Kef fer  asymmetric  wake,  Shokr 
and  Keffer  (1982)  analysed  cine'  flow  visualization 
pictures  of  the  near  region  of  this  flow,  using  a  digi¬ 
tal  image  processing  technique.  Specifically,  they  mea¬ 
sured  the  lateral  positions  of  the  upper  and  lower  tur- 
bulent/non-turbulent  interfaces  of  the  flow  as  functions 
of  time,  for  several  streamwise  locations,  and  hence, 
determined  various  interface  statistics.  In  the  present 
work,  we  have  carried  out  an  extended  analysis  of  the 
aforementioned  cine  pictures  in  order  to  obtain  add¬ 
itional  quantitative  information  on  the  interfaces.  In 
particular,  we  have  determined  a  number  of  statistical 
properties  of  the  interface  slopes.  It  should  be 
pointed  out  that  these  properties  cannot  be  readily  ob¬ 
tained  by  means  of  either  hot-wire  anemometry  or  laser- 
Doppler  anemometry. 

EXPERIMENTAL  DETAILS 

The  flow  visualization  pictures  employed  herein 
were  obtained  from  the  Institut  de  Mecanique  Statistique 
de  la  Turbulence  (IMST) ,  Marseille.  The  flow,  a  defin¬ 
ition  sketch  of  which  is  shown  in  Fig.  1,  was  generated 
by  means  of  two  cylinders  of  diameters  Dx  *  20  mm  and 
D.  *  12  ran  mounted  horizontally  in  the  IMST  flow 


m 


visualization  wacar  tunnel.  The  exes  of  the  cylinders 
were  separated  in  the  lateral  direction  by  a  distance, 

L,  of  23  no  so  that  the  quantity  (Di  +  Dt)/2  +  L,  which 
is  defined  as  the  equivalent  diaaeter,  0,  was  39  an. 

This  particular  cylinder  configuration  resulted  in  a  re¬ 
latively  scrong  "source  interaction",  as  in  the  case  of 
the  Palmer-Kef fer  experiments.  The  free  stress  velocity 
was  0.17  as*1,  which  produced  a  Reynolds  number  besed  on 
D  of  7,000.  Approximately  1,000  fraaes  and  a  time  in¬ 
terval  between  successive  frames  of  1/12  s  were  used  in 
the  analysis,  and  results  pertaining  to  five  selected 
downstreaa  locations  (i.e.,  x/D  values)  were  computed. 

The  pictorial  information  was  digitized,  and  the 
resulting  digital  data  were  processed  by  means  of  a 
Bausch  and  bomb  Oanicon  digical  image  analysis  system, 
in  conjunction  with  an  IBM  3033  computer,  at  the  Oni ver¬ 
sify  of  Toronto.  The  turbulent  and  non-turbulent  re¬ 
gions  within  the  pictures  were  identified,  end  the  upper 
and  lower  interface  positions  relative  to  the  centreline 
of  the  flow,  Yy  and  Yy,  and  the  upper  and  lower  inter¬ 
face  slopes,  ty  (*3Yy/3x)  and  ♦  (*3Yy/3x),  were  then 

measured  as  functions  of  time  for  the  selected  x/D 
values.  (The  technique  used  to  determine  Yy  ^  and  4y 

is  described  by  Shokr  and  Keffer,  1982.) 

INTERFACE  STATISTICS 

The  statistical  properties  of  Yy  L  and  ty  that 

were  examined  in  the  present  work  are  as  follows. 

(1)  The  first  four  moments  of  *y  ,  which  are 
given  by  ’ 

*U,L  “  N  *U,L^Ci^  ’  “  *  1,2,3,4‘ 

In  this  expression,  N  represents  the  nuaber  of 
fraaes  used;  t^  •  (i-l)At,  where  At  is 

the  time  interval  between  frames;  a  •  1  yields 
the  upper  and  lower  mean  interface  slopes,  7y 

and  ?L;  a  ■  2  yields  the  root-mean-square  (RMS) 

values , 


where  ♦  «  f 
factors. 


the  skewness 


SU,L  "  : 


and  a  •  4  yields  the  flatness  factors, 

F  •  (J^/e'*) 

U,L  19  u,L 

(2)  The  burst  rate,  f,  vhich  represents  the  average 
frequency  of  occurrence  of  turbulent  bursts  (or 
zones)  at  a  given  point  in  the  flow,  and  is 
equal  to  one-half  the  average  frequency  at 
which  che  interface  crosses  chat  point.  We 
note  that  if  Y  and  *  are  uncorreletad  Gaussian 
random  variables  then  l  will  be  given  by 

f  •  fo  exp  (-y1/2y'1), 

where  f  is  the  burst  rate  at  the  mean  inter- 
o  ^ 

face  position,  Y. 

(3)  The  autocorrelation  function,  which  it  given  by 

a(ti)«(ti  +  j)]/a'*, 

where  •  jAt,  j  •  0,1,2, ...J,  J  <<  N,  a  de¬ 
notes  y  or  *,  end  a'  is  che  RMS  value  of  a. 

(A)  The  auto-spectrum,  E(n),  which  is  defined  as 

t(n)  •  £  b(t)  exp  (-i2imr)dT. 


(5)  The  cross-correlation  function,  which  is  given 
by 


o.(t.)  * 


[7n=3T  i^«<ti)B(ti+j)]/a'8',for  T.>0, 
1 

[-ffl-'jy  B(t.)a(ti+j)  ]/a'8' ,  for  <0, 


where  a  and  8  denote  y^  and  by,  and  »  ,  or 
yL  and  yD> 
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Fig.  1.  Definition  sketch. 


RESULTS  AND  DISCUSSION 

The  streanwise  variations  of  the  mean  values,  the 
RMS  values,  the  skewness  factors  and  the  flatness 
factors  of  the  upper  and  lower  interface  slopes  are  pre¬ 
sented  in  Figs.  2,  3,  4  and  5,  where  it  is  seen  that 
these  quantities  all  remain  essentially  constant  as  x/D 
increases.  One  can  infe-  from  the  results  for  the  mean 
values  (Fig.  2)  that,  on_the  average,  (a)  both  inter¬ 
faces  are  fairly  flat,  |ty|  and  RI  being  less  than  13°, 

and  (b)  the  slopes  of  the  lower  interface,  associated 
with  the  large  cylinder  (see  Fig.  1) ,  are  significantly 
steeper  than  those  of  the  upper  interface,  j <t>L ]  being 

roughly  twice  as  large  as  |b|y.  These  inferences  are 

consistent  both  with  visual  observations  of  the  cine' 
film,  which  reveal  chat  che  intermittent  bulges  in  the 
lower  pert  of  the  wake  are  larger  chan  those  in  the  up¬ 
per  part,  ud  with  the  results  for  the  mean  interface 
positions, Yy  and  Yy  (see  Shokr  and  Keffer,  1982),  which 

show  that  Yy  spre-ds  more  rapidly  than  does  Yy  -  so  chat 

the  rata  of  entrainment  of  potential  fluid  is  greater 
across  the  steeper  ■ *Vjr  interface. 

Figure  3  demonstrates  that  the  RMS  values  of  the 
upper  and  lower  interface  slopes,  by  and  i y,  are  more  or 

less  che  saae.  The  magnituiz  of  these  quantities  is  ap~ 
P£oximatel£  45°, which,  together  with  the  fact  chat  both 
R.|  and  |*  |  are  less  chat  13°,  leads  to  the  conclusion 

that  interface  folding  does  not  occur  to  any  significant 
extend  (or  equivalently,  that  the  interface  positions 
are  single-valued  functions).  This  is,  in  fact,  the  case, 
as  evidenced  by  visual  observations  of  the  cine  film. 

The  skewness  factors  of  both  the  upper  slopes  and  the 
lower  slopes,  Sy  and  Sy  (Fig.  4),  deviate  significantly 

from  zero,  and  |Sy|  is  consistently  greater  than  |Sy|. 

Hence,  it  follows  chat  the  interface  bulges  are  asym¬ 
metric  in  shape,  the  more  so  in  che  case  of  the  lower 
interface.  The  upper  and  lower  flatness  factors,  Fy  and 

Fy  (Fig.  5),  are  essentially  equal,  and  their  magnitude 
is  roughly  2.0,  so  chac  these  results  reinforce  che 


above  conclusion  chat  interface  folding  is  negligible 
in  the  present  situation. 

Normalized  upper  and  lower  burst  rate  distributions 
pertaining  co  the  various  x/D  locations  examined  here 
are  depicted  in  Fig.  6.  The  scatter  associated  vich 
these  results  is  seen  to  be  large.  Nonetheless,  because 
Che  extent  of  Che  scatter  depends  upon  N  (the  number  of 
frames  used),  decreasing  as  N  increases,  we  can  conclude 
that  Che  burst  rate  profiles  for  the  present  flow  are 
self-similar.  Furthermore,  ic  appears  that  Che  upper 
profiles  cend  co  follow  the  Gaussian  curve;  the  lower 
burst  rate  profiles,  however,  deviate  markedly  from  this 
curve.  Ic  is  interesting  co  note  chat  the  incermittency 
factor  profiles  (see  Shokr  and  Keffer,  1982)  display  a 
similar  crait:  Che  upper  profiles  conform  co  the 
Gaussian  distribution  function,  but  the  lower  profiles 
show  little  agreement  with  this  funecion.  The  impli¬ 
cation  here  is  that  in  the  near  region  of  che  wake,  the 
process  governing  the  motion  of  the  upper  interface 
(i.e.,  che  fluctuations  of  its  lateral  position)  is  pre¬ 
dominantly  Gaussian  in  nature,  whereas  thac  governing 
the  motion  of  the  lower  interface  is  not. 


this  is,  in  fact,  so  -  che  dominant  peaks  in  these 
spectra,  which  correspond  to  the  oscillations  in  the 
autocorrelations,  being  both  larger  and  noticeably 
sharper  in  the  case  of  the  lover  spectra  than  in  the 
case  of  the  upper  spectra.  Evidently,  che  frequency  at 
which  the  aforementioned  peaks  are  centred  is  the  no¬ 
minal  frequency  at  which  vortices  are  shed  from  the  two 
cylinders  (ns).  This  frequency  yields  a  Strouhal  number 

(njD/U1)  of  0.14,  which  is  significantly  less  than  chat 
associated  with  the  symmetric  wake  (viz,  0.21). 
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Fig.  2.  Wean  values  of  interface  slopes. 


Fig.  4.  Skewness  factors  of  interface  slopes. 


Fig.  5.  Flatness  factors  of  interface  slopes 


RMS  values  of  interface  slopes. 


In  Figs.  7  and  8,  we  present  upper  and  lower  inter¬ 
face-position  and  interface-slope  autocorrelation 
functions  pertaining  co  x/D  •  3.87S,  and  in  Figs.  9  and 
10  che  corresponding  auto-spectra.  As  can  be  seen,  the 
autocorrelation  functions  display  distinct  regular  os¬ 
cillations,  establishing  che  presence  of  quasi-periodic 
coherent  structures  within  the  flow.  The  oscillations 
do  noc  occur,  however,  until  r  exceeds  certain  limiting 
values,  and  they  decay  (albeit  slowly)  with  increasing 
T.  Ic  is  clear  that  a  "Kirrnan  vortex  street"  (KVS) , 
somewhat  similar  to  che  KVS  within  che  symmetric  cy¬ 
linder-generated  wake,  exists  within  che  asymsetric 
wake;  moreover,  the  process  that  gives  rise  to  this  KVS 
is  not  strictly  periodic  but  rather  is  randomly  modu¬ 
lated,  as  in  the  case  of  the  symmetric  vake  (see  Budny, 
Hawaii  sod  Kef far,  1979).  Notice  that  the  lower  auto¬ 
correlations  exhibit  a  more  pronounced  oscillatory  be¬ 
haviour  than  do  che  upper  autocorrelations,  suggesting 
that  che  KVS  is  centred  in  the  lower  part  of  che  flow. 
The  auto-spectra  (Figs.  9  and  10)  serve  to  show  that 
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Fig.  6.  Burst  rate  distributions. 
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.  IC  is  interesting  to  note  that  vhereas  the  upper 

spectra  display  only  a  single  peak  centred  at  n^  -  che 

"fundamental",  the  lower  spectra  display  several  "har¬ 
monics”  as  well  as  the  "fundamental".  This  trait  is 
'  also  exhibited  by  the  auto-spectra  of  hot-wire  signals 

I  from  che  upper  and  lower  parts  of  the  asymmetrical  wake, 

chat  were  measured  by  Palmer  and  Keffer  (1972).  It  is 
interesting  to  note  as  well  that  a  comparison  of  che  in¬ 
terface-position  aut3-spectra  and  the  interface-slope 
auto-spectra  (Figs.  9  and  10)  suggests  that  the  inter¬ 
face  slope,  4(t),  is  closely  related  to  che  time  deri¬ 
vative  of  the  interface  position,  3y(t)/3t,  inasmuch  as 
the  auto-spectra  of  4(c)  are  more  sensitive  Co  che  KVS 
I  activity  than  are  the  auto-spectra  of  y(t) . 

|  On  the  basis  of  the  above  results,  we  can  regard 

che  motion  of  che  upper  and  lower  interfaces  in  the  near 
region  of  the  flow  as  comprising  a  large-scale  quasi- 
periodic  component  (caused  by  KVS  accivicy)  and  a  small- 
scale  random  component,  wich  the  former  dominating  the 
motion  of  che  lower  interface,  once  the  KVS  is  well- 
established,  and  che  latter  dominating  che  motion  of  the 
upper  interface.  This  picture  is  consistent  both  wich 
|  the  fact  chat  che  values  of  fQ  pertaining  to  the  upper 

interface  are  everywhere  larger  chan  chose  pertaining  to 
che  lower  interface  (Fig.  6),  and  with  visual  obser¬ 
vations  of  the  cine'  film  which  reveal  that  che  upper  in¬ 
terface  contains  numerous  small  random  convolutions, 
while  the  lower  interface  contain  relatively  few  such 
convolutions. 

Figure  11  depicts  the  upper  and  lower  cross¬ 
correlation  functions  of  che  interface  position  and  the 
interface  slope  for  x/D  •  3.875.  It  is  clearly  evident 
from  Chis  Figure  chat  the  random  components  of  y(c)  and 
4(c)  are  uncorrelated,  which  implies,  in  the  light  of 
che  foregoing  results,  chat  these  components  are  uncor¬ 
related  Gaussian  random  variables,  and  hence,  are  sta¬ 
tistically  independent.  (The  fact  that  che  burst  rate 
and  intermittency  factor  profiles  pertaining  to  che 
lower  interface  deviate  from  che  Gaussian  models  can  be 
attributed  Co  che  relatively  strong  effect  of  che  quasi- 
periodic  components  of  yL(t)  and  4^(0.)  Ue  note  that 

in  the  case  of  the  upper  interface,  there  is  a  phase 
different  between  y(t)  and  4 ( t )  of  about  90°,  the  cross¬ 
correlation  function  being  approximately  zero  at  T  -  0, 
and  in  the  case  of  Che  less  random  lower  interface,  this 
phase  difference  is  somewhat  greater  chan  90° ,  the  value 
of  the  cross-correlation  function  lying  between  zero  and 
its  minimum  value.  These  cross-correlation  results, 
therefore,  lend  support  to  the  view  chat  there  is  a 
strong  relationship  between  4  and  3y/3t.  Indeed,  with 
respect  to  Che  upper  interface,  chis  relationship  may  be 

taken  as:  3y/3t  ■  U  4(t),  where  U  is  a  characteristic 
c  c 

(local)  bulge  convection  velocity.  It  may  be  remarked 
that  if  this  relationship  holds,  then  for  sufficiently 
small  4c,  Uc  will  be  given  by,  (4yJ’/44y/4t,  where 

by  *  y(t  +  it)  -  y(t) . 

In  Fig.  12,  we  present  the  cross-correlation  fun¬ 
ctions  of  the  upper  and  lower  interface  positions  for 
selected  x/D  locations  in  the  near  region  of  the  flow. 
These  results  establish,  not  surprisingly,  chat  as  in 
che  case  of  the  symmetric  wake  (see  Budny  ec  al,  1979), 
only  the  quasi-periodic  components  of  the  interface 
positions  on  opposite  sides  of  che  centreline  of  the 
flow  are  correlated.  Furthermore,  they  demonstrate  that 
these  components  are  not  180°  ouc-of-phase  as  they  are 
for  the  symmetric  wake,  since  the  minimum  values  of  che 
correlations  do  not  occur  at  r  »  0.  This  is  a  conse¬ 
quence  of  the  KVS  being  centred  in  che  lower  part  of  the 
wake,  and  implies  that  the  coherent  structures  comprising 
the  KVS  are  not  arranged  as  in  the  classic  KVS  config¬ 
uration.  Finally,  it  should  be  noted  that  che  peak 
values  of  the  cross-correlation  curves  vary  wich  x/D, 
increasing  initially  for  x/D  less  than  about  5,  then  de¬ 
creasing  as  x/D  increases  beyond  5.  From  this,  in  con¬ 
junction  with  the  fact  that  i  pertaining  to  both  che 

upper  interface  and  the  lower  interface  decreases  initi¬ 
ally  then  increases  as  x/D  increases  from  1.625  to  6.125 
(see  Fig.  6),  ue  conclude  that  the  KVS  is  well-esta¬ 
blished  by  x/D  equal  to  about  4,  so  chac  its  formation 
takas  place  within  a  streaowise  distance  of  about  3D 
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Fig.  7.  Autocorrelations  of  interface 
positions,  x/D  =  3.875. 


Fig.  8.  Autocorrelations  of  interface  sloDes, 
x/D  -  3.875. 


froo  Che  cylinders,  and  that  it  starts  to  decay  for  x/D 
in  excess  of  about  5. 

SUMMARY  AND  CONCLUDING  REMARKS 

The  present  findings  indicate  that  large  vortices 
shed  froo  the  lower  (large)  cylinder  coalescence  with  or 
entrain  small  vortices  shed  froo  the  upper  cylinder  and 
thus  form  coherent  structures  that  are  significantly 
larger  than  the  large  vortices.  This  "vortex-merging" 
process  is  rapid  (taking  place  within  about  3D) ,  more  or 
less  stable  and  quasi-periodic,  and  results  in  the  oc¬ 
currence  of  a  "Kerman  vortex  street"  (KVS)  with  a  char¬ 
acteristic  frequency  corresponding  co  a  Strouhal  number 
considerably  less  than  0.21  and  centred  in  the  lower 
part  of  the  wake.  In  consequence,  the  lower  interface 
is,  on  che  average,  considerably  sceeper  chan  Che  upper 
interface  and  its  notion  is  significanly  less  raudom 
chan  chac  of  the  latter.  It  is  probable  thac  such  a 
"skewed"  KVS  is  indirectly  responsible  for  che  existence 
of  the  zones  of  negacive  production  detected  in  che  asym¬ 
metrical  wake  by  Palmer  and  Keffer  (1972). 
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Auto-spectra  of  interface  positions, 
x/D  -  3.875. 
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Fig.  10.  Auto-spectra  of  interface  slopes, 
x/D  -  3.875. 
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Fig.  11.  Cross-correlations  of  interface 
positions  and  slopes, 
x/D  -  3.875. 
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Fig.  12.  Cross-correlations  of  interface 
positions. 


REFERENCES 

Beguier,  C.,  Giralt,  F.,  Falachier,  L.  and  Keffer,  J.F., 
1977,  "Negative  Production  in  Turbulent  Shear  Flows", 
Lacture  Notes  in  Physics,  76,  22,  Springer-Verlag. 

Budny ,  R.S.,  Kawall,  J.G.  and  Keffer,  J.F.,  1979, 

"Vortex  Street  Evolution  in  the  Uake  of  a  Circular 
Cylinder”,  2nd  Symp.  on  Turb.  Shear  Flows,  London. 

Diaz,  F.  Gavalda,  J.,  Kawall,  J.G.  and  Giralt,  F. , 

1982,  "Interpretation  of  the  Complex  Turbulent  Flow 
Generated  by  a  Rotating  Circular  Cylinder",  Structure 
of  Complex  Turbulent  Shear  Flow,  IUTAM  Symp.,  Marseille, 
175,  Springer-Verleg. 

Gavalda,  J.,  Diaz,  F.,  Giralt,  F.,  Kawall,  J.G.  and 
Keffar,  J.F.,  1983,  "Analysis  of  the  Uake  Generated  by 
the  Interaction  of  a  Rotating  Cylinder  and  a  Stationary 
Cylinder",  to  be  submitted  to  J.  Fluid  Mech. 

Kaffer,  J.F.,  Kawall,  J.G.,  Giralt,  F.  and  Beguicr,  C., 
1979,  "Analysis  of  Turbulent  Structures  in  Complex  Shear 
Flows,",  2nd  Symp.  on  Turbulent  Shear  Flows,  London. 

Palmer,  M.D.  and  Keffer,  J.F.,  1972,  "An  Experimental 
Investigation  of  an  Asymmetric  Turbulent  Uake",  J.  Fluid 
Mech.,  53,  593. 

Shokr,  M.  and  Kaffer,  J.F.,  1982,  "Digital  Image  Analysis 
of  a  Comp  lax  Turbulent  Uake”,  Structure  of  Complex  Tur¬ 
bulent  Shear  Flow,  IUTAM  Symp.  Marseille,  165,  Springer- 
Verlag. 


AN  INVESTIGATION  OF  REYNOLDS  STRESS  STRUCTURES 


IN  PLANE  TURBULENT  WAKES 


G.  Fabris 


Illinois  Institute  of  Technology,  Chicago,  Illinois 

A.  Nakayama 

California  State  University,  Long  Beach,  California 


ABSTRACT 

Instantaneous  u-v  signals  in  the  turbulent  far  wake  of  a 
cylinder  have  been  analysed  using  an  extended  "quadrant 
analysis"  in  order  to  investigate  the  Reynolds  stress 
structure  and  the  features  of  large  eddies. The  results 
indicate  that  the  region  between  the  location  of  maxinun 
shear  and  the  edge  of  the  wake  is  similar  to  the  outer 
layer  of  boundary  layers  and  bursts  of  slow  moving  flow 
ejecting  outward  contribute  the  most  to  the  Reynolds 
3hear  stress.  In  the  wake  centerline  region,  fast  moving 
fluid  crossing  the  centerline  contributes  significantly  • 
but  with  opposite  sign.  There  is  a  special  type  of  flow 
near  the  centerline:  flow  movimg  upstream  along  the 
centerline  slower  than  the  mean  velocity.  This  type  of 
motion  does  not  contribute  to  the  shear  stress  but 
contains  kinetic  energy. 


INTRODUCTION 

The  Reynolds  stress  (-  uv)  in  a  turbulent  shear  flow  is 
the  key  quantity  in  the  mutually  linked  mechanisms  of 
production  of  turbulent  kinetic  energy  and  transfer  of 
momentum.  It  is  well  established  that  large  eddies  contri¬ 
bute  the  most  to  the  Reynolds  stress  perhaps  in  an  orderly 
quaai-per iodic  manner. 

Features  of  these  large  eddies  have  been  studied  during 
the  last  decade  using  flow  visualization  and  conditional 
sampling  techniques.  In  the  case  of  boundary  layers1  *1(-1 
and  pipe  flow11  quantification  of  features  of  the  violent 
eddies  has  been  made  using  30-called  "quadrant  analysis" 
in  which  "events"  in  the  sequence  of  bursting  mechanism 
were  identified  by  the  signs  and  magnitudes  of  the  instan¬ 
taneous  u  and  v  velocity  components. 

In  the  case  of  turbulent  wakes,  mechanism  of  the  governing 
large  eddies  is  not  as  clear.  Gerrard1^  discussed  obser¬ 
vations  of  large-scale  motions  in  wakes  and  concluded  that 
most  questions  about  growth  and  characteristics  of  these 
motions  remain  unanswered.  As  early  as  in  1947  Townsend1 3 
concluded  one  of  his  classical  wake  papers  with  the  state¬ 
ment  "the  Jet  structure  (large  eddies)  can  only  be  surmis¬ 
ed  at  present,  and  many  interesting  questions  remain  to  be 
answered.  It  is  possible  that  useful  information  may  be 
obtained  from  measuremen ts  of  quadruple  velocity  products 
of  the  farm  u^vk  ...  in  this  way  more  exact  information 
about  jet  (turbulent  burst)  widths  and  rates  of  develop¬ 
ment  could  be  collected  and  clearer  understanding  of  the 
details  of  the  motion  attained."  There  appears  to  be  no 
follow  up  to  date  on  this  visionary  suggestion  though 
Bradshaw  et  al.1!  demonstrated  how  revealing  is  to  study 
vkwi  in  an  axisymmetric  jet.  Recent  studies  of  wakes  be¬ 
hind  cylinders  by  Townsend1 5  and  klezian16  suggest  pat¬ 
terns  of  large  eddies  resembling  those  of  Karman  vortex 
street. 


Present  work  is  an  attempt  to  investigate  large  structures 
in  fully-developed  cylinder  wake  making  use  of  the  quad¬ 
rant  analysis.  This  method  classifies  the  instantaneous 
motion  by  directions  in  which  the  flow  is  temporarily 
moving  and  whether  the  particular  motion  contributes  sub¬ 
stantially  to  the  Reynolds  stress.  It  may  be  contrasted 
with  the  conditional  sampling  measurements  of  the  near 
wake  of  a  flat  plate  made  by  Anareopouios  and  Bradshaw1 7 
who  discriminated  the  instantaneous  flow  based  on  the 
origin  of  fluid  and  whether  the  fluid  has  mixed  up  with 
the  other  fluid  coming  from  the  other  side  of  the  plate 
(discrimination  conditioned  on  temperature  threshold). 

The  method  employed  in  here  might  prove  to  be  more  suitaoie 
studying  interacting  shear  layers  than  tne  temperature  tag¬ 
ging.  Namely  the  heat  has  tendency  of  rapid  diffusion  into 
unheated  turbulent  flow  permitting  unambiguous  conditional 
sampling  only  in  the  near  interaction  region.  It  is  believ¬ 
ed  that  the  quadrant  analysis  may  shed  new  light  on  instan¬ 
taneous  Reynolds  stress  mechanisms  especially  in  the  wake 
central  region.  The  conventional  Reynolds  stress  is  low 
and  changes  sign  in  this  region  providing  no  information 
about  the  underlining  physics. 


CONDITIONAL  AMPLITUDE  ANALYSIS 


Instantaneous  u-v  Si 


and  Structure  of  Turbulence 


Measurements  of  instantaneous  u-v  signals  were  made  using 
a  hot-wire  probe  with  x-arrey  sensors  at  500  diameters 
downstream  of  a  circular  cylinder  of  diameter  of  1/16  in. 
in  an  otherwise  uniform  flow  of  speed  of  50  fps.  Signals 
were  analysed  by  digital  methods  by  sampling  and  digitizing 
them  at  20  kHz. 

Fig  1  displays  simultaneous  instantaneous  traces  of  u,  v, 
uv  and  u2+v2  quantities.  The  figures  are  ordered  starting 
with  the  intermittent  wake  edge  and  ending  at  the  center- 
line.  Structure  of  turbulence  appears  to  be  much  more 
deterministic  than  in  the  pipe  flowll  Existence  of  occa¬ 
sional  large  uv  bursts  is  evident.  At  the  wake  edge  the 
large  excursions  are  one  sided  almost  exclusively  due  to 
the  slow  moving  fluid  (negative  u)  ejecting  outward  (po¬ 
sitive  v).  As  the  centerline  is  approached  the  uv  peaks 
are  more  and  more  double  sided  with  both  negative  and 
positive  contributions  to  uv.  While  this,  is  expected, 
careful  examination  of  u,  v  and  uv  traces  also  indicates 
that,  at  the  maximum-shear  location  and  at  the  centerline, 
some  of  the  large  negative  excursions  of  uv  signals  are 
due  to  fast  moving  fluid  (positive  u)  moving  towards  the 
centerline.  These  two  types  of  motions  contributing  to  uv 
are  similar  to  the  "ejections"  and  "sweeps",  respectively, 
in  boundary  layers^.  They  may  correspond  to  the  downstream 
and  upstream  sides  of  a  large  vortex-like  structure  seen 
in  smoke  pictures  of  Wlesian1”  or  the  Karman  vortex  street 
like  pattern  discussed  by  Townsend15.  At  the  centerline 
there  is  an  ambiguity  in  the  sense  that  positive  v  may 


mean  either  moving  towards  tne  centerline  or  away  from 
the  centerline.  Similar  ambiguity  nas  been  noted  by  Sabot 
and  Comte-Bellot1 1  near  the  centerline  of  a  pipe  flow. 
However,  if  they  are  associated  with  large  scale  motion, 
it  is  likely  that  when  (large)  positive  v  occurs  with 
positive  u  it  is  due  to  a  large  eddy  belonging  to  the 
lower  half  of  the  wake  sending  fast  moving  fluid  towards 
and  through  the  centerline,  while  when  positive  v  is  asso¬ 
ciated  with  negative  u  it  is  the  returning  of  such  fluid 
originated  from  the  upper  half.  These  events  are  generally 
called  "interactions"  in  the  quadrant  analysis  of  boundary 
layers . 


Tlassif ication  of  Events 

For  the  reasons  mentioned  in  the  proceeding  section  the 
following  quantitative  analysis  has  been  attempted.  As  in 
the  quadrant  analysis  of  boundary  layer  flows  the  instan¬ 
taneous  motion  was  classified  into  different  events  based 
on  the  signs  and  magnitudes  of  the  instantaneous  u  and  v. 
Fig  2  illustrates  the  classification  of  the  events  in  the 
instantaneous  u-v  plane.  The  method  is  close  to  the  one 
introduced  originally  by  Lu  and  Willmarth^.  Events  contain 
ing  significant  Reynolds  stress  of  either  sign  are  identi¬ 
fied  by  condition 

uv  T>  Hu'v1 

where  u'  and  v'  are  the  rms  intensities  and  H  is  a  parame¬ 
ter.  These  events  correspond  to  regions  1  ,2,3  and  4.  In 
order  to  depict  and  analyse  the  energy  containing  eddies 
that  do  not  contribute  to  the  Reynolds  stress,  the  "hole" 

(  uv  <  Hu'v1)  was  subdivided  by  the  circle 

u2  +  v2  *  2Hu ' v 1 
to  identify  such  events. 


//// 


v  t  xX'XX  subhole 


Fig  1.  Instantaneous  u,  v,  uv  and  u  +  v  Traces;  (a)  near 
the  wake  edge,  (b)  at  the  maximum-shear, 

(c)  at  the  centerline. 

The  accompanying  u^+v^  traces  reveal  that  they  contain  oc¬ 
casional  "bursts"  with  no  corresponding  high  excursions  in 
the  uv  signal,  indicating  only  one  of  u  or  v  nas  high  va¬ 
lues.  This  is  seen  more  clearly  near  the  centerline  and 
they  are  mainly  associated  with  flows  downstream  along  the 
centerline.  Townsend1?  observed  recently  that  eddies  con¬ 
tributing  most  to  the  shear  stress  are  significantly  dif¬ 
ferent  in  shape  and  in  orientation  from  those  predominant¬ 
ly  contributing  to  turbulent  energy.  For  this  reason  these 
events  are  also  depicted  and  analysed  in  here.  The  above 
analysis  is  limited  of  course  and  may  even  be  biased  in 
the  sence  that  the  spanwise  velocity  component  is  not 
included.  However  it  does  imply  certain  characteristics 
and  some  orderliness  of  the  large-scale  motion. 


Fig  2.  Classification  of  the  Events  in  the  u-v  Plane. 


Although  this  flow  differs  from  boundary  layers  we  call 
theeyenl  represented  by  region  4  "sweep”  and  region  2 
"ejection"  since  former  is  likely  to  be  the  sweep  of  re¬ 
cently  entrained  potential  flow,  while  the  latter  is 
likely  to  be  the  ejection  of  fully  turbulent  eddy  origi¬ 
nating  in  the  wake  central  region.  We  also  call  the  re¬ 
gions  1  and  3  "interactions",  with  a  reservation  near  the 
centerline  where  the  interactions  can  be  sweeps  penetrat¬ 
ing  through  the  centerline  or  ejections  originating  on  one 
side  emerging  into  the  other  side  of  the  wake.  The  events 
represented  by  regions  5,6,7  and  3  are  called  respectively 
the  turbulence  moving  downstream,  outwards,  upstream  and 
inwards.  The  region  9,  called  subhoie,  represents  motions 
that  do  not  contribute  appreciably  to  either  the  Reynolds 
stress  or  the  turbulent  kinetic  energy. 

Time  Fractions 


First  part  of  the  analysis  consists  of  an  investigation  of 
the  effects  of  the  threshold  level  H  on  time  fractions  the 
u-v  trace  spent  in  different  regions  ievent3j.  The  fraction 
of  time  spent  regions  l  through  hole  and  suohole  are 
shown  in  Fig  3(a)  and  Fig  3ib,  as  function  of  H  for  near- 
maximum-snear  Location  and  the  wake  center  respectively. 


considered  either  the  interact ion -type  notions  or  sweeps 
and  ejections  associated  with  large  structure  on  tne  othe 
side  of  the  wake.  At  the  maximum-shear  position  these 
notions  take  considerably  smaller  fraction  of  time  than 
the  ejections  and  sweeps  and  become  neglegible  at  aoout 
3*1.5.  At  the  wake  centerline  the  events  in  all  four 
quadrants  take  about  equal  time  but  the  fast  moving 
motions  (first  and  fourth  quadrants,’  appear  tc  be  more 
violent. 

The  fraction  of  time  spent  in  the  regions  inside  tne  cole 
but  outside  the  subhole  (regions  5.  o,  ~  and  3;  is  not 
negligible.  The  distributions  are  shown  in  rig  3lc>  for 
the  wake  centerline  only  in  order  to  show  that  the  fluid 
moving  upstream  takes  nearly  twice  as  much  time  as  other 
modes  of  motions.  At  the  maximum-shear  location  time 
fractions  of  fluid  moving  in  the  upstream  and  downstream 
directions  are  almost  the  same ,  while  at  the  near-edge 
position  downstream  eruptions  dominate  these  energy  con¬ 
taining  motions  with  small  contributions  to  the  shear 
stress. 

Fractional  Contributions  to  the  Reynolds  Shear  Stress 

Fig  4  displays  the  contributions  to  the  shear  stress  cor¬ 
relation  coefficient  -uv/u'v1  from  four  quadrants  for 
H=0  at  various  positions  across  the  wake.  The  total 
-OT/u'v'  is  also  shown.  The  subscript  J*1,  2,  3  and  4 
indicates  respective  quadrants.  The  reason  for  showing 
the  contributions  to  the  shear  correlation  coefficient 
instead  of  the  shear  stress  -TT7  is  that  the  shear  stress 
is  zero  at  the  centerline  and  near  the  wake  edge.  Since 
the  total  -uv/u'v1  is  nearly  constant  over  the  shear 
zone,  the  present  plots  are  nearly  proportional  to  the 
fractional  contributions  to  -uv  in  that  zone. 


H 
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Fig  3.  Fractions  of  Time  Occupied  by  the  Events  at; 
(a)  the  maximum-shear,  (b)  the  centerline, 
(c)  'ov  subregions  at  the  center  line. 


Most  of  the  quadrant  analysis  studies  of  boundary  layers 
do  not  provide  values  of  this  quantity  except  the  paper 
oy  Brodkey  et  al’  where  it  is  given  as  function  of  y  for 
H*0  only.  Levels  of  tnese  quantities  shown  in  Ref  3  are 
very  close  to  the  present  results  at  H=0.  Lu  and  Will- 
marth*  reported  fraction  of  time  spent  in  the  hole  at 
several  locations  in  the  boundary  layer.  Again  the  level 
and  shape  are  quite  similar.  The  ejection-like  motions 
and  the  sweep-like  motions  take  almost  equal  time  at  the 
maximum-shear  location.  It  should  be  noted,  however,  that 
the  curve  for  ejections  cross  the  curve  for  sweeps  at 
about  H*1.0  and  the  former  is  higher  than  the  latter  at 
H>1.3.  Although  not  shown  the  data  taken  at  positions 
between  the  wake  edge  and  the  maximum-shear  location 
indicate  that  the  cross-over  points  exist  at  at  progres¬ 
sively  smaller  H  values  as  the  edge  is  approached.  It  is 
reasonable  to  say  that  in  this  region  the  ejection-like 
motions  are  likely  to  be  fully  turbulent  eddies  originat¬ 
ing  probably  in  the  wake  central  region  while  the  sweep¬ 
like  motions  are  likely  to  be  recently  entrained  potential 
flow.  Diminishing  contributions  of  sweeps  with  increasing 
threshold  H  indicate  that  they  are  considerably  less  vio¬ 
lent  than  ejections.  The  first  and  third  quadrant  can  be 


Fig  4.  ContriDutions  to  the  Reynolds  Stress  Correlation 
Coefficient  for  H=0. 


First,  Fig  4  indicates  that  the  contribution  from  the 
ejection-like  event  (second  quadrant)  dominates  in  the 
outer  half  of  the  wake  and  accounts  for  about  80  percent 
of  the  total  shear  stress  which  is  similar  to  the  results 
obtained  by  Brodkey  et  ai2  in  the  boundary  layer.  The 
contributions  from  sweep-like  event  (fourth  quadrant)  is 
generally  lower  but  is  higher  in  the  wake  central  region. 
The  events  represented  by  the  first  and  third  quadrants 
which  transfer  momentum  in  the  "wrong"  direction  account 
for  only  20  percent  in  the  shear  zone  which  is  only  half 
as  much  as  contributions  of  the  interactions  in  boundary 
layers.  This  is  another  indication  of  the  fact  that  eddies 
in  the  wake  are  more  efficient  than  those  in  boundary  la¬ 
yers.  In  the  central  region,  as  discussed  earlier  the 
first  quadrant  and  fourth,  quadrant  contributions  balance 
out  and  the  second  and  third  quadrants  are  also  of  nearly 
equai  magnitude.  It  is  noted,  however,  that  accelerated 
motions  contribute  more  than  the  decelerated  motions. 
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As  expected  the  contributions  from  the  region  between  the 
hole  and  the  subhole  is  very  small.  Though  not  shown,  our 
data  do  indicate  that  the  individual  contributions  are 
small  and  the  canceling  between  the  different  subregions 
(5.  6,  7  and  8)  is  not  the  reason  for  this. 

factional  Contributions  to  the  Kinetic  Ener 


Fractional  contributions  tor  *  ?  (representative  of  the 
turbulent  kinetic  energy)  at  the  position  of  maximum  shear 
are  shown  in  Fig  6(aj.  Trends  are  similar  as  for  the  Rey¬ 
nolds  stress  shown  on  Fig  5(a).  Fig  6(b)  offers  the  same 
contributions  at  the  wake  centerline.  Significance  of  the 
regions  within  the  hole  but  outside  of  the  subhole  is  now 
more  apparent  with  the  wide  difference  between  the  curves 
for  the  hole  and  subhole.  The  contributions  from  the  sub¬ 
hole  regions  (5,  6,  7  and  8)  are  further  displayed  on 
Fig  6(c).  3y  far  the  most  contributing  subregion  is  7 
where  the  streamwise  velocity  is  lower  than  the  mean  and 
the  lateral  velocity  is  3mali. 
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Fig  5.  Contributions  to  the  Reynolds  Stress;  (a)  near 
the  wake  edge,  (b)  at  the  maximum-shear, 

(c)  at  the  center  line. 


Figs  5(a),  (b)  and  (c)  show  variation  of  the  contributions 
by  different  events  as  function  of  H.  Fig  (a)  is  for  a 
position  near  the  edge,  (b)  is  for  the  maximum-shear  loca¬ 
tion  and  (c)  is  for  the  wake  centerline.  These  diagrams 
can  be  directly  compared  with  those  for  outer  part  of 
boundary  layers2  and  the  pipe  flow1 1 .  The  boundary  layer 
data  appear  to  fit  between  the  near-wake-edge  data  of 
Fig  5(a)  and  maximum-shear  position  shown  in  Fig  5(b). 

Near  tne  wake  edge  there  are  surprisingly  large  contribu¬ 
tions  from  very  violent  eddies  moving  out  and  very  small 
contributions  from  the  sweep-like  events  which  are  likely 
to  be  potential.  This  was  expected  from  the  instantaneous 
traces  of  u,  v,  and  uv,  but  Fig  5(a)  confirms  this  quanti¬ 
tatively.  At  the  maximum-shear  location  the  ejection-like 
events  and  sweep-like  events  contribute  most  and  almost 
equally  significant  while  the  interactions  have  very  small 
contributions  and  are  negligible  at  about  H«2.  It  is  inte¬ 
resting  to  observe  that  at  the  centerline  the  fast  moving 
fluid  (first  and  fourth  quadrants)  contributions  to  the 
shear  at  high  H  are  even  larger  than  the  ejections  and 
sweep-like  events  do  at  the  maximum-shear  location.  It 
suggests  that  these  may  be  quite  violent  motions  that 
cancel  out  in  most  of  the  conventional  averages. 
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Contributions  to  u2  *  v2;  (a)  at  the  maximum-shear 
(b)  at  the  center  line,  (c)  at  the  center  -lne 
from  subregions. 
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ondltional  Velocities  of  the  Events 


Conditional  mean  velocities  Uj  and  Vj  for  four  events 
(1 ,  2,  3  and  i!  at  the  position  of  maximum  shear  and  the 
centerline  are  given  in  Fig  7(a)  and  (b),  respectively. 

The  values  are  connected  by  equal  H  lines.  This  diagram 
is  very  informative  of  flow  directions  and  intensities  of 
different  events,  points  on  the  graph  indicate  the  average 
direction  and  the  magnitude  of  velocity  in  the  x-y  plane 
of  all  the  motions  in  appropriate  events  with  the  instan¬ 
taneous  Reynolds  stress  larger  than  Hu'v1.  The  plot  for 
the  maximum-shear  location  reveals  that  in  general  ejec¬ 
tion-like  and  sweep-like  motions  are  stronger  than 
interaction-type  motions.  However,  this  tendency  is  less 
pronounced  if  averaged  over  large  Reynolds  stress  carry¬ 
ing  motions  (large  H).  The  figure  for  the  wake  center¬ 
line  shows  that  faster  moving  motions  (first  and  fourth 
quadrants)  are  stronger. 


5'ig  7.  Conditional  Velocities  of  the  Events:  (a)  at  the 
maximum-shear,  (b)  at  the  centerline. 
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Lu  and  Willmarth  and  Sabot  and  Comte-Bellot  determined 


the  periods  of  duration  of  and  intervals  between  large 
bursts  and  sweeps  in  the  boundary  layer  by  taking  a  charac¬ 
teristic  value  of  H  determined  from  the  plots  of  contribu¬ 
tions  to  U?  from  different  events.  On  the  other  hand 
Brodkey  et  al^  considered  H»0  only.  We  have  tried  an  ap¬ 
proach  similar  to  the  former  to  obtain  information  on  the 
durations  and  intervals  of  various  events. 


Fig  8.  Mean  Interval  between  Large  Bursts;  open  symbols 

at  the  maximum-shear,  closed  symbols  at  the  center 
line. 

Fig  8  is  a  plot  of  mean  intervals  between  consecutive  oc¬ 
currences  of  events  of  the  same  type  at  the  location  of 
maximum  shear  and  the  wake  centerline.  They  are  normalized 
by  the  similarity  variable  for  time,  (x-x0)/H»,  where  x0 
is  the  virtual  origin  of  the  wake  taken  here  as  xo=-40D. 
The  trend  is  very  similar  to  that  given  by  Lu  and  Will¬ 
marth2  in  the  sence  that  the  intervals  depend  very  strong¬ 
ly  on  H.  At  the  location  of  maximum  shear  the  ejection- 
like  event  occurs  most  frequently  and  the  interaction  type 
motions  least  frequently.  If  H=3,  for  which  the  contribu¬ 
tions  to  -uv  from  interactions  become  negligible  at  this 
position,  is  taken  as  a  characteristic  threshold  the  mean 
interval  between  the  ejection-like  events  is  0.2(x-xo)/D». 
The  characteristc  interval  between  sweep-like  events  is 
about  0. 5(x-x0)/Doo.  The  ratio. is  not  very  diffemt  from 
that  of  the  boundary  layer.  At  the  wake  centerline,  the 
flow  symmetry  requires  that  the  events  associated  with 
quadrants  one  and  four  occur  at  the  same  frequency  and 
those  of  quadrants  two  and  three  also  occur  at  the  same 
rate.  The  diagram  shows  that  the  events  associated  with 
flow  moving  downstream  (quadrants  one  and  three)  occur 
much  more  often  than  those  moving  upstream.  Fig  5(c) 
indicates  that  H=3  may  also  be  taken  as  a  characteristic 
threshold  for  determining  the  frequency  of  violent 
events  moving  faster  than  the  mean  velocity.  It  is 
slightly  larger  than  that  for  the  ejections  at  the 
maximum  shear  location. 
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Fig  9.  Mean  Period  of  Large  Burst:  symbols  as  on  Fig  3. 
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der  have  been  analysed  using  an  extention  of  the  quadrant 
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porates  other  type  of  conditioning  together  with  the 
present  quadrant  type  analysis  will  further  clarify  the 
Reynolds  stress  structure  in  the  far  wake. 


1  Willmarth,  W.  W.  and  Lu,  3.  S.,  1972,  J.  Fluid  Mech. 

65. 

2  Lu,  S.  S.  and  Willmarth  W.  W. ,  1973,  J.  Fluid  Mech.  oO 
481. 

3  Brodkey,  S.  R.,  Wallace,  M.  J.  and  Eckelmann,  H.,  1974 
J.  Fluid  Mech.  o^,  209. 

4  Wallace,  M.  J.,  Brodkey,  3.  R.  and  Eckelmann,  H. ,  1 97"’ 
J.  Fluid  Mech.  8^,  673. 

5  Eckelmann,  H.,  Nychas,  S.  G.,  3rodkey,  R.  S.  and  Wal¬ 
lace,  J.  M.,  1977,  Phys.  Fluids  20,  3225. 

6  Wallace,  J.  M.  and  Brodkey,  S.  R.,  1977,  Phys.  Fluids 
20,  351. 

7  Kreplin,  P.  H.  and  Eckelmann,  H.,  1979,  Phys.  Fluids 
22,  1233. 

8  Panton,  R.  L.,  Goldman,  A.  L.,  Lowery,  R.  L.  and 
Peischan,  M.  M.,  1980,  J.  Fluid  Mech.  97,  299. 

9  Raupach,  R.  M.,  1981,  J.  Fluid  Mech.  1 08.  363. 

10  Nakagawa,  H.  and  Nezu,  I.,  1977,  J.  Fluid  Mech.  80, 

99. 

11  Sabot,  J.  and  Comte-Bellot,  G.,  1976,  J.  Fluid  Mech. 
74,  767. 

12  Gerrard,  J.  H.,  1981,  Proc.  of  the  Third  Symp.  of 
Turb.  Shear  Flows,  11.13. 

13  Townsend,  A.  A.,  1947,  Proc.  Roy.  Soc.  A  197,  124. 

14  Bradshaw,  ?.,  Ferris,  D.  H.  and  Johnson,  R.  F.,  1964, 
J.  Fluid  Mech.  12,  591. 

15  Townsend,  A.  A.,  1979,  J.  Fluid  Mech.  21  >  515. 

16  Wlezian,  R.,  1981,  Ph.  D.  thesis,  Illinois  Institute 
of  Technology. 

17  Andreopoulos ,  J.,  and  Bradshaw,  ?. ,  1980,  J.  Heat 
Transfer  102.  755. 

18  Fabris,  G.,  1979,  J.  Fluid  Mech.  91,  673. 


ORGANIZED  STRUCTURES  IN  WAKES  AND  JETS 


AN  AERODYNAMIC  RESONANCE  PHENOMENON  ? 


W.  Koch 

DFVLR/AVA  Institute  for  Thcoreticsl  Fluid  Mechanics 
D  -  3400  Gbtt ingen 
F.  R.  Germany 


ABSTRACT 

An  acteapt  is  made  to  determine  the  shedding  fre¬ 
quency  of  the  flow  past  blunt  edged  plates  by  computing 
the  natural  frequencies  of  the  system.  The  flow  is  split 
into  a  steady  viscous  part  which  is  modelled  and  an  un¬ 
steady  inviscid  part  which  defines  a  resonance  condition. 
According  to  linear  theory  this  resonance  condition  re¬ 
quires  a  bifurcation  of  the  instability  eigenvalue  which 
provides  a  surprisingly  good  estimate  of  the  shedding 
frequency  if  a  realistic  mean  wake  model  is  employed. 

INTRODUCTION 

Periodic  aerodynamic  phenomena  associated  with  the 
flow  about  bluff  bodies  range  from  noise  generation  to 
buffeting  and  have  been  investigated  for  a  long  time  due 
to  their  considerable  practical  importance.  Not  only 
bluff  bodies  but  also  slender  airfoils  and  turbomachine¬ 
ry  blades  show  periodic  vortex  shedding  as  demonstrated 
for  example  by  Heinemann  et  al.  (1976).  These  unsteady 
phenoenna  may  lead  to  structural  damage  if  the  frequency 
lies  close  to  a  resonant  frequency  of  the  structure. 
Therefore  a  reliable  theoretical  prediction  of  the  shed¬ 
ding  frequency  and  amplitude  with  the  intended  goal  of 
controlling  them  is  of  paramount  interest.  Despite  exten¬ 
sive  efforts  and  significant  advances  this  still  remains 
a  largely  unresolved  problem. 

Starting  with  the  earliest  observations  by  Strouhal 
0  878)  and  Rayleigh  (1879)  the  theoretical  treatment  rea¬ 
ched  a  first  culmination  with  von  Karman's  0911)  famous 
vortex-street  theory.  However  as  pointed  out  by  Roshko 
(1956)  the  theory  is  incomplete  in  so  far  as  it  cannot 
by  itself  relate  the  vortex-street  dimensions  and  velo¬ 
cities  to  the  blunt-body  dimension  and  free-stream  velo¬ 
city.  Roshko  also  demonstrated  that  the  whole  problem  de¬ 
pends  crucially  on  the  near  wake  isaediately  behind  the 
obstacle.  The  need  for  additional  empirical  relations  or 
assumptions,  cf.  Fathy  et  al.  (1977),  appears  to  be  con¬ 
nected  with  the  need  for  a  batter  understanding  of  the 
basic  mechanism  of  vortex  formation.  Wake  oscillator  mo¬ 
dels  as  well  as  discrete  vortex  models,  see  for  example 
the  review  by  Sarpkaya  (1979),  considerably  advanced  our 
knowledge  but  could  not  explain  the  physical  mechanism 
completely. 

The  discovery  that  large  scale  coherent  structures 
also  play  a  central  role  in  the  development  of  various 
turbulent  shear  flows,  see  for  example  Roshko  (1976),  in¬ 
creased  the  interest  in  these  periodic  flow  phenomena 
even  further.  From  several  observations  it  appears  that 
the  basic  physical  mechanism  underlying  many  of  these 
different  discrete  frequency  phenomena  might  be  qualita¬ 
tively  similar.  A  vary  instructive  experiment  of  Parker 
(1966)  as  well  as  several  examples  out  of  a  large  class  of 
time  periodic  flows  in  which  a  resonant  condition,  a 
feedback  mechanism  or  structural  elasticity  controls 
highly  organised  flow  oscillations,  cf.  the  review  by 
Rockwell  6  Naudascher  (1979),  suggest  that  the  observed 
periodic  phenomena  in  unforced  and  unobstructed  flows  may 


also  be  due  to  aerodynamic  resonance. 

To  a  certain  degree  this  aerodynamic  resonance  hy¬ 
pothesis  is  just  a  logical  step  in  a  development  start¬ 
ing  with  the  theory  of  shear  layer  stability.  Considering 
the  shear  layer  as  a  linear  oscillator  the  main  goal  of 
stability  theory  is  to  identify  the  propagation  and 
growth  characteristics  of  the  normal  modes  in  dependence 
of  certain  parameters,  mathematically  leading  to  an  ei¬ 
genvalue  problem.  The  next  step,  physically  simplified  by 
a  forced  oaciiiator,  is  concerned  with  the  question  of 
how  certain  modes  are  excited  by  externally  imposed  dis¬ 
turbances.  This  so-called  receptivity  problem  received 
increased  attention  in  the  past  few  years,  cf.  Tam  (1978), 
and  is  formulated  mathematically  as  a  boundary-value 
problem.  From  the  receptivity  problem  it  is  only  a  small 
step  to  the  resonance  problem  chat  is  to  find  chat  exter¬ 
nally  imposed  forcing  frequency  which  induces  the  largest 
response  of  the  system.  If  such  resonances  do  exist  it 
appears  quite  plausible  to  assume  that  any  occurring  dis¬ 
crete  frequency  phenomena  would  be  sustained  easiest  near 
such  resonant  frequencies. 

Therefore  the  present  paper  attempts  to  explore  this 
aerodynamic  resonance  approach  by  determining  the  natural 
frequencies  of  a  simple  model  problem.  Since  the  predic¬ 
tion  of  the  so-called  Parker  mode  frequencies  by  means  of 
linearized  theory  led  to  excellent  results,  cf.  Koch 
(1983),  it  was  hoped  chat  Che  same  might  be  crue  for  the 
present  problem  even  though  the  amplitudes  can  only  be 
determined  via  nonlinear  theory. 

STEADY  MEAN  WAKE-FLOW  MODELS 

Before  one  can  proceed  with  che  analysis  several 
simplifying  assumptions  have  to  be  introduced.  Following 
che  traditional  approach  in  stability  theory  each  quanti¬ 
ty  is  considered  to  be  composed  of  a  value  for  a  speci¬ 
fied  steady  mean  flow  plus  an  unsteady  periodic  fluctua¬ 
tion.  Linear  theory  is  employed  for  che  latter  assuming 
that  fluctuating  amplitudes  are  small  compared  with  mean- 
flow  quantities;  products  and  squares  of  perturbacion 
quantities  are  neglected.  This  leads  to  the  well  known 
nonuniform  validity  of  che  linear  solution.  However,  as¬ 
suming  that  the  fastest  growing  disturbance  in  the  linear 
regime  will  also  dominate  the  subsequent  nonlinear  flow 
development  che  resonance  frequency  obtained  from  the 
linear  analysis  should  provide  a  fairly  good  approxima¬ 
tion  of  che  spectral  characteristics. 

The  first  task  is  che  specification  of  the  steady 
mean  flow.  Theoretically  it  can  be  obtained  by  solving 
the  steady  Naviar-Stokes  equations  numerically  or  by  ex¬ 
tracting  properly  averaged  profiles  from  experiment. 

Since  neither  one  is  available  the  basic  mean  flow  is 
modelled  by  employing  the  quasi-parallel  flow  assumption. 
The  particular  model  profile  is  characterized  by  certain 
parameters  but  does  not  depend  explicitly  on  the  scream- 
wise  coordinate.  However,  by  changing  che  parameters  it 
should  be  possible  to  model  actual  wakes  at  any  stream- 
wise  station  reasonably  well.  This  parallel-flow  assump¬ 
tion  is  realistic  for  che  high  Reynolds  number  wakes  be- 


hind  blunt  edged  placet  invaicigactd  hart.  High  Reynoldi 
number  wake  flows  have  cht  added  advantage  that  Che  large 
scale  disturbances  are  practically  unaffected  by  visco¬ 
sity  allowing  an  inviscid  craacmenc.  For  comparison  with 
actual  wind  Cunnel  tests  as  well  as  for  computational 
convenience  two  symmetrically  locaced  side  walls  which 
wove  with  the  mean  flow  are  introduced  parallel  to  the 
plate. 

Uake  aodels  of  increasing  complexity  are  considered. 
The  simplest  model  is  che  vortex-sheet  model  in  which 
che  wake  is  formed  by  two  infinitely  thin  vortex  sheets 
enclosing  a  zero  aean  flow  waka.  This  model  is  limited 
to  approximating  low  frequency  wakes  where  che  particu¬ 
lar  profile  does  not  utter.  Nevertheless  it  is  very  in¬ 
structive  for  studying  the  proper  classification  of  che 
occurring  waves  and  provides  fairly  good  low  frequency 
initial  values  for  sure  realistic  wake  eigenvalue  cal¬ 
culations.  Skipping  the  next  simple  broken  line  profiles, 
wake  modelling  is  continued  with  continuous  profiles. 

Such  a  wake  can  be  described  for  example  by  combining 
two  hyperbolic-tangent  sheer-layer  profiles  which  are 
frequently  used  in  stability  theory.  One  writes 


where  U„  is  the  constant  free  stream  velocity,  yw  *  d/2  ♦ 
S*  is  che  shear-layer  displacement  and  6W  is  a  measure 
of  che  steepness  of  che  profile.  All  geometric  variables 
are  nondimensionalized  by  a  reference  length  ,  for 
example  che  channel  height  in  which  case  h  *  1 .  Prescrib¬ 
ing  che  parameters  yu  and  5,,  specifies  a  particular  wake 
profile  which  may  be  associated  with  chat  streamwise  po¬ 
sition  in  the  actual  wake  at  which  the  measured  mean 
wake  profile  comes  closest  to  this  model  profile.  However 
it  should  be  stressed  that  for  che  present  resonance  cal¬ 
culation  the  association  of  a  specified  profile  with  a 
particular  x-position  is  not  required.  Figure  1  shows  che 
velocity  variation  (1),  with  6W « 0  identifying  the  limit¬ 
ing  case  of  the  vortex-sheet  model. 


combining  two  modified  hyperbolic-tangent  shear-layer 
profiles  introduced  by  Michalke  (1969) 


FICHU  1.  HYTERBOLIC-TANCENT  WAKE  MODEL:  STEADY  MEAN 
WAKE  VELOCITY  AND  VOtTICITT  AS  FUNCTION  OF  5W  FOR  d/h  - 
0.1  ,  4*/d  •  0. 

The  main  weakness  of  the  ordinary  hypert  .  c-tangent 
waka  modal  (1)  ia  that  the  oncoming  boundary  Layer  is 
modelled  only  very  crudely  and  that  at  least  at  the  ini¬ 
tial  stage,  the  wake  has  constant  displacement  thickness 
instead  of  the  more  realistic  constant  momentum  thickness. 
These  two  points  can  be  remedied  to  a  certain  extent  by 
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For  m«1  the  ordinary  hyperbolic-tangent  profile  (1)  is 
recovered  while  for  boundary- 1  aye r  like  profiles  are 

obtained  for  which  the  corresponding  boundary-layer  dis¬ 
placement  thickness  6*  is  related  to  the  boundary-layer 
momentum  thickness  8^  by  6*>26s.  An  example  of  the  cor¬ 
responding  wake  profiles  is  shown  in  Figure  2. 


FIGURE  2.  MODIFIED  HYPERBOLIC-TANGENT  WAKE  MODEL:  STEADY 
MEAN  WAKE  VELOCITY  AND  VORTICITY  AS  FUNCTION  OF  1 /m  FOR 
d/h  »  0.1  ,  6*/d  *  0.7  . 

UNSTEADY  THEORY  FOR  CONTINUOUS  MEAN  WAKES 
Formulation  of  the  Wiener-Hopf  Equation 


Extracting  the  harmonic  time  dependence  exp(iuit) 
the  fluctuating  pressure  Pq  is  nondimensionalized 

p0<vvc)  ’  Po.aip'(x-y>e*p<i“t> 

where  as  and  os  denote  the  constant  free  stream  speed  of 
sound  and  density.  The  governing  equation 


is  obtained  by  linearizing  about  the  prescribed  mean  wake 
quantities.  K  -  uLrt£/a00  denotes  che  Helmholtz  number  and 
M(y)  ■  UlyJ/a^  is  the  mean  wa,’.e  Mach  number. 

For  continuous  mean  wake  profiles  the  parallel-flow 
assumption  requires  a  nonphysical  penetration  of  che  flow 
into  the  plate  annihilating  whatever  one  gains  by  solving 
for  che  physically  exact  boundaries.  Therefore  one  may 
simplify  che  problem  even  further  but  retain  the  essen¬ 
tial  physics  by  investigating  wakas  around  duct  like 
"hollow"  placet.  Experimentally ,  usually  sound  waves  or 
oscillations  of  the  place  or  oncoming  flow  are  used  to 
introduce  periodic  forcing,  compare  for  example  Graham  6 
Maull  (1971).  Here  acoustic  excitation  is  introduced  from 
che  inside  of  che  duct,  as  depicted  in  Figure  3,  similar 
to  che  situation  frequently  used  in  jet  noise  investiga¬ 
tions.  While  che  prescribed  mean  wake  profile  M(y)  is  al¬ 
lowed  to  violate  che  viscous  boundary  condition  on  the 
plates  at  y  *  zd/2 ,  the  inviscid  perturbation  solution 
has  to  satisfy  the  boundary  condition  of  vanishing  normal 


quency  spectrum. 

Taking  the  Fourier  transformation  of  the  boundary 
conditions  (4)  to  (7)  the  following  definitions  are  in¬ 
troduced 
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FIGURE  3.  UNSTEADY  MODEL  PROBLEM. 

velocity  along  all  solid  walls.  The  mathematical  formu¬ 
lation  is  completed  by  imposing  the  radiation  condition 
and  a  physically  realistic  edge  condition  for  x  »  0, 
y  *  td/2  which  will  be  discussed  later. 

The  specified  basic  mean  wake  is  symmetric  in  the 
y-direccion  such  that  symaetric  and  antisymmetric  pres¬ 
sure  disturbances  can  be  separated.  Here  only  the  physi-  . 
cally  more  relevant  antisynmetric  problem  is  dealt  with 
explicitly  such  chat  p'(x,y«0)  -  0.  Furthermore  the  prob¬ 
lem  is  formulated  in  terms  of  the  diffracted  field  p(x,y) 
by  subtracting  the  incoming  disturbance  (x,y>  - 
-  p(y)exp(i6+x)  in  region  II,  i.e.  0SySd/2.  At  least 
for  a  certain  frequency  range  a  spatially  amplified  in¬ 
stability  wave  is  expected  and  one  circumvenes  the  asso¬ 
ciated  mathematical  difficulties  as  usual  by  temporarily 
considering  K  complex,  i.e.  K  »  |K|exp(i6)  with  5  near 
-ir/2,  assuring  that  then  even  the  instability  wave  is 
damped. 

For  the  mathematical  solution  of  the  model  problem 
the  Wiener-Hopf  technique,  cf.  Noble  (1958),  may  be  used. 
In  applying  Jones'  method  of  formulation  Che  known  bound¬ 
ary  conditions  are  supplemented  by  uhknown  functions 
Ap(x)  and  w(x)  such  that  the  validity  of  the  boundary 
conditions  is  extended  from  x  *  to  x  ■ 
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Now  che  Fourier  transformation,  defined  by 

OO 

p(y;0  •  f  p(x,y)  e  1^x  dx 


is  takan  of  equation  (3).  This  results  in 

H  SM)2  -  g2  ]p  ■  0  ,  (8) 

dy  J 

the  general  solution  of  which  may  be  expressed  in  terms 
of  two  linearly  independent  solutions 

p(y;C)  •  A(C)f(y:t)  ♦  B(C)«(y;5)  . 

The  validity  of  this  solution  is  limited  to  the  strip  of 
holomorphy  determined  mainly  by  the  decay  behavior  of  p 
for  x  -  t®  with  complex  K.  Additional  singularities 
occur  at  the  singular  points  £  •  - K/M(y) ,  0  i  y  i  h/2  , 
of  che  differential  equation  (8)  and  art  responsible  for 
a  continuous  contribution  to  the  otherwise  discrete  fre- 


The  integration  functions  A,B  can  be  eliminated  by  means 
of  the  Fourier  transformed  boundary  conditions  (4)  ,(6) 
and  (?)  and  choosing  f(y)  and  g(y)  such  that  in  region  I 
3f^  )/3y(y  »h/2)  =  0  and  in  region  II  g'^(y«0)50.  Substi¬ 
tution  into  the  remaining  Fourier  transformed  boundary 
condition  (5)  results  in  the  Wiener-Hopf  equation,  val¬ 
id  in  the  strip  of  holomorphy, 


aP(C)s  *  5(e)eX(s> 


with  the  corresponding  kernel'  function 


K(S;K,M) 
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Formal  Solution  of  the  Wiener-Hopf  Equation 

The  detailed  solution  of  che  Wiener-Hopf  equation 
(9)  is  complicated  by  che  general  form  of  che  functions 
f(y)  and  g(y)  depending  on  the  chosen  mean  wake  profile 
M(y).  However  for  our  purpose  it  suffices  to  proceed 
formally.  All  one  needs  to  know  is  the  kind  of  zeros  and 
singularities  of  the  kernel  function.  Guided  by  the  pro¬ 
perties  of  the  vortex-sheet  kernel  one  can  state  that 
there  are  an  infinite  number  of  in  general  simple  zeros 
in  the  upper  and  lower  half  plane  of  £.  These  zeros  are 
associated  with  the  eigenvalues  in  the  downstream  part 
x  >  0  of  the  channel  and  include  the  instability  eigen¬ 
value  .  For  complex  K,  with  6  near  -tt/2,  is 

located  in  the  upper  half  plane  but  may  move  to  the 
lower  half  plane  for  6-0.  In  addition  the  so-called 
"critical  layer"  singularity  lies  in  the  upper  half  plane. 
On  Che  ocher  side  there  exist  an  infinite  number  of  in 
general  simple  poles  which  correspond  to  the  eigenvalues 
in  the  upstream  part  x  <  0.  Therefore  the  multiplicative 
factorization  can  be  performed  formally 

X(0  •  X(O0  •  Ci-5/uiBSt)*C(!-)e 

where  each  part  is  zeroless ,  holomorphic  and  decays  al¬ 
gebraically  for  |C|-®  in  the  corresponding  half  plane 
indicated  by  the  subscript®  or©.  The  instability  eigen¬ 
value  is  explicitly  included  in  the  ©-function. 

Dividing  (9)  by  the  RHS  term  can  be  decomposed 

additively  by  writing 

J _ ! _ i_f_J _ ! — .]  *  J - . 

e-e*  X(5&  5-B+  1  x<%  X(S\J  5-8+  K(B+)e 

Separating  the  terms  holomorphic  in  the  upper  and 
lower  half  plane  the  usual  arguments  of  the  Uiener-Hopf 
method  are  used  to  equate  both  parts  to  one  and  the  same 
entire  function.  This  entire  function  is  fixed  by  the 
edge  conditions.  Guided  by  the  solution  of  the  vortex- 
sheec  problem  which  requires  the  application  of  a  Kutta 
condition  this  entire  function  is  set  identically  equal 
to  zero  also  for  the  continuous  profile  M(y).  This  at 
once  determines  w(S^  and  hence  che  linear  solution  in 
the  whole  field.  Upon  Fourier  inversion  it  is  evident 


chat  for  5  -*•  0  and  |K|  in  chc  unstable  frequency  range 
the  whole  downstream  solution  is  dominated  by  the  contri¬ 
bution  of  the  instability  eigenvalue 


w(x) 


p(y-d/2)  u^expCiu^x) 


(10) 


Now  the  whole  effort  centers  around  finding  a  condition 
for  which  a  non-trivial  solution  exists  if  the  amplitude 
p(y»d/2)  of  the  forcing  wave  vanishes.  Formally  this  is 
only  possible  if  numerator  and  denominator  vanish  simul¬ 
taneously.  In  (10)  this  implies  that  U^2uc  either^equals 
3*  or  that  it  coalesces  with  one  of  the  zeros  of  3(!(^)^ 
leading  co  a  double  eigenvalue  or  bifurcation  of  the  in¬ 
stability  eigenvalue. 

For  attenuating  modes  such  an  eigenvalue  bifurca¬ 
tion  is  known  to  occur  resulting  in  the  so-called  Creator 
optimum  iapodmnce  condition  tor  maximal  sound  attenuation 
in  acoustically  lined  ducts,  cf.  Cramer  (19S3)  or  Zorums- 
ki  i  Mason  (1974).  However  for  6  »  0  and  j  K I  in  the  un¬ 

stable  frequency  range  H;n.f  lies  in  the  lower  half  plane 
while  8*  and  all  zeros  of  X(£^  .representing  attenuated 
waves  propagating  in  the  downstream  direction,  lie  in  the 
upper  half  plane.  Therefore  in  our  case  the  only  possi¬ 
bility  for  the  existence  of  a  non-trivial  solution  is 
that  bifurcates  in  chc  lower  half  plane  thereby 

coalescing  with  an  eigenvalue  of  an  upstream  propagating 
wave.  That  this  is  indeed  possible  has  already  been  de¬ 
monstrated  by  Mattingly  4  Criminal*  (1972)  for  incom¬ 
pressible  wakes.  Therefore  the  remaining  task  is  to  find 
possible  bifurcation  points  of  the  spatially  amplified 
instability  eigenvalue  in  the  lower  half  plan*  of  £-  For 
this  purpose  the  nonlinear  eigenvalue  problem  consisting 
of  the  homogeneous  complex  differential  equation  (8)  to¬ 
gether  with  the  homogeneous  boundary  conditions  p(y-0)-0 
and  dp/dy(y»h/2)-0  is  solved  numerically  by  a  fourth- 
order  variable  step  size  complex  Runge-Kutta  procedure 
and  chc  results  are  presented  in  chc  next  section. 


NUMERICAL  RESULTS 


Results  for  Vortex-Sheet  Make  Model 

The  solution  according  co  the  vortex-sheet  model  is 
unstable  for  all  frequencies  and  a  numerical  search 
showed  in  general  no  bifurcation  of  chc  instability 
eigenvalue  for  real  R  .  However,  admitting  complex  K, 
corresponding  to  attenuation  or  amplification  in  time, 
several  bifurcation  points  were  found  a*  shown  in  the 
example  of  Figure  4  for  antisymetrical  excitation.  Of 
particular  interest  is  the  specially  marked  bifurcation 


point  with  the  smallest  value  of  |i|.  A  similar  situation 
occurs  for  che  symmetrical  instability  eigenvalue  depic¬ 
ted  in  Figure  S.  Clearly  one  can  see  chat  the  linear  azpli- 
fication  race  of  the  antisynzaetrical  bifurcation  point 
surpasses  by  far  that  of  the  synaecrical  one  indicating 
chat  the  ancisymmetrical  case  would  dominate  physically. 


FIGURE  5.  VORTEX-SHEET  WAKE  MODEL:  SYMMETRIC  EIGENVALUES 
AS  FUNCTION  OF  COMPLEX  K  FOR  d/h  *  0.1 ,  M  -  0.3  . 


FIGURE  4.  VORTEX- SHEET  HAKE  MODEL:  ANTISYMMETRIC  EIGEN¬ 
VALUES  AS  FUNCTION  OF  COMPLEX  K  FOR  d/h  -  0. 1 ,  M  -  0.3. 


FIGURE  6.  HYPERBOLIC-TANGENT  WAKE  MODEL:  ANTISYMMETRIC 
EIGENVALUES  AS  FUNCTION  OF  REAL  K  AND  iw  FOR  d/h  -0.1, 
M  •  0.3,  6*/d  •  0  . 


Results  for  Hyperbolic-Tangent  Wake  Model 

In  chi*  inves-igacion  cime-periodic  solutions  are 
of  particular  intercsc  and  Che  parametric  descripcion  of 
Che  more  general  wake  profiles  allows  not  only  a  becter 
modelling  of  actual  wakes  but  also  provides  more  possi¬ 
bilities  for  finding  a  bifurcation  point  for  real  K  . 
Indeed  such  a  bifurcation  point  can  be  found  for  the 
hyperbolic-tangent  wake  model  by  fixing  6*/d  and  varying 
|  K|  and  6U  as  demonstrated  in  Figure  6  for  6*/d>0.  Con¬ 
trary  to  the  vortex-sheet  result  <^*0,  which  is  reshown 
by  che  thick  dashed  line,  now  the  solution  becomes  stable 
above  a  certain  frequency  K.  The  specially  marked  bifur¬ 
cation  point  in  Figure  0  establishes  the  very  specific 
values  6V  a  0.02897  and  K  a  3.2487  .  The  mean-wake  pro¬ 
file  corresponding  to  5y  >0.02897  is  shown  in  Figure  1 
and  interestingly  enough  represents  a  wake  cross  section 


slightly  downstream  of  the  end  of  che  core  region.  For 
che  example  of  Figure  6  with  M  -  0.3  and  d/L^f  *  0.1  the 
special  value  K  »  3.2487  gives  a  Strouhal  number  St  * 
fd/Uoo  a  0.  1729  .  Figures  7  and  8  demonstrate  that  che  bi¬ 
furcation  point  in  Figure  6  marks  exactly  the  time-peri¬ 
odic  transition  between  time-amplified  and  time-attenua¬ 
ted  solutions  as  found  previously  by  Mattingly  &  Crimi- 
nale  (1972).  The  bifurcation-point  Strouhal  number  is 
plotted  in  Figure  9  for  various  values  of  6*/d  as  curve 
(A)  showing  only  qualitative  agreement  with  Bauer's  (1961) 


FIGURE  7.  HYPERBOLIC-TANGENT  WAKE  MODEL:  ANTISYMMETRIC 
EIGENVALUES  AS  FUNCTION  OF  COMPLEX  K  FOR  d/h  •  0.1, 

M  -  0.3,  6*/d  -  0,  •  0.04  . 


FIGURE  9.  BIFURCATION  POINT  STROUHAL  NUMBER  AS  FUNCTION 
OF  6*/d  FOR  M  -  0.3  : 

(A)  HYPERBOLIC-TANGENT  WAKE  MODEL 

(B)  MODIFIED  HYPERBOLIC-TANGENT  WAKE  MODEL 
O  EXPERIMENTAL  RESULTS  OF  BAUER  (1961). 

experimental  results.  The  solid  line  of  curve  (A)  connects 
results  for  d/h  •  0.1  while  the  dashed  line  connects  re¬ 
sults  for  d/h  «  0.01  .  Obviously  from  a  certain  ratio 
(26*  +  d)/h  on  the  influence  of  the  side  walls  is  quite 
noticeable  as  elucidated  in  Figure  10. 


FIGURE  8.  HYPERBOLIC-TANGENT  WAKE  MODEL:  ANTISYMMETRIC 
EIGENVALUES  AS  FUNCTION  OF  COMPLEX  K  FOR  d/h  -  0.1, 

M  •  0.3,  6  /d  •  0,  6*  -  0.025  . 


FIGURE  10.  HYPERBOLIC-TANGENT  WAKE  MODEL:  BIFURCATION 
POINT  STROUHAL  NUMBER  AS  FUNCTION  OF  d/h  FOR  M  -  0.3, 
6*/d  •  2  . 


Results  for  Modified  Hyperbolic-Tangent  Wake  Model 

In  order  to  achieve  better  quantitative  agreement 
the  same  bifurcation-point  search  was  performed  for  che 
more  realistic  modified  hyperbolic-tangent  wake  model  by 


varying  K  and  1/m.  An  example  is  shown  in  Figure  11 


FIGURE  11.  MODIFIED  HYPERBOLIC- TANGENT  HAKE  MODEL:  ANTI¬ 
SYMMETRIC  EIGENVALUES  AS  FUNCTION  OF  REAL  K  AND  1/m  FOR 
d/h  -  0.1,  M  -  0.3,  6*/d  *  0.25  . 


for  6*/d  ■  0.25  and  che  collected  results  are  depicted  in 
Figure  9  as  curve  (B).  Contrary  to  the  hyperbolic-tangent 
wake  model  now  the  bifurcation-point  Strouhal  number  does 
not  seem  co  approach  a  finite  limiting  value  for  5*/d  -►0. 
In  Figure  2  the  value  1/m  ■  0.356  marks  the  profile  cor¬ 
responding  to  che  bifurcacion-point  condition  and  again 
indicates  a  wake  profile  slightly  downstream  of  the  end 
of  the  core  region. 

All  theoretical  results  are  for  M  *  0.3  while  Bau¬ 
er's  (1961)  experiments  were  conducted  at  variable  but 
rather  low  Mach  numbers .. Therefore  co  convincingly  back 
up  the  good  agreement  one  has  Co  establish  chat  the  re¬ 
sults  depend  only  weakly  on  the  Mach  number.  This  is  de¬ 
monstrated  in  Figure  12  for  6*/d  »  0.25  .  However  major 


FIGURE  12.  MODIFIED  HYPERBOLIC-TANGENT  WAKE  MODEL:  BI¬ 
FURCATION  POINT  STROUHAL  NUMBER  AS  FUNCTION  OF  M  FOR 
d/h  -0.1,  i*/d  -  0.25  . 


deviations  from  experiment  occur  once  the  boundary  layer 
on  the  plate  becomes  transitional  or  turbulenc.  Then  ap¬ 
parently  drastically  changed  mean  wake  models  are  needed 
-  exhibiting  che  decisive  influence  of  the  mean  wake 
vorticity  distribution. 

CONCLUSION 

Confirming  Mattingly  4  Criminale's  (1972)  finding 
the  wake  acts  like  a  highly  tuned  amplifier.  At  che  bi¬ 
furcation  point  condition,  which  appears  to  control  the 
unsteady  flow,  the  downstream  propagating  spatially  am¬ 
plified  instability  mode  is  matched  exactly  by  an  up¬ 
stream  propagating  attenuated  mode  suggesting  a  simple 
feed  back  cycle.  However,  at  the  same  time  this  result 


clearly  reveals  the  limits  of  the  linear  theory  because 
the  upstream  propagating  mode  can  only  come  from  the  non¬ 
linear  source  terms  excluded  in  linear  theory. 
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ABSTRACT 

The  interaction  of  a  two-dimensional,  incompressible,  turbu¬ 
lent  boundary  layer  on  a  flat  plate  with  a  plane  wake  of  a 
circular  cylinder  was  investigated  experimentally  and  theoreti¬ 
cally.  The  cylinder  was  positioned  at  various  distances  above 
the  plate,  with  the  axis  normal  to  the  free-stream  direction  and 
parallel  to  the  surface  of  the  plate.  The  time-averaged  velocity 
components,  the  Reynolds  stresses,  the  wall-pressure  distribu¬ 
tion  and  the  wall  shear  stresses  were  measured  downstream 
from  the  cylinder  in  the  wake  and  in  the  boundary  layer.  Mean 
and  fluctuating  velocities  were  measured  with  hot-wire  probes, 
conventional  data  reduction  was  used.  It  could  be  shown  that 
the  wake  retains  its  self-preserving  characteristics  in  the  outer 
part  and  approximately  in  the  inner  layer  as  well.  The  profiles 
of  the  Reynolds  stresses  in  the  interacting  part  of  the  flow  were 
used  to  deduce  a  mixing-length  closure  assumption,  which  was 
incorporated  in  a  numerical  finite-difference  simulation  of  the 
relaxing  boundary  layer. 

EXPERIMENTAL  SETUP  AND  HOT-WIRE  DATA  REDUCTION 

The  experiment  was  carried  out  in  the  incompressible,  two- 
dimensional,  turbulent  boundary  layer  on  a  smooth  plate  placed 
in  the- open  teat  section  (6  1  m)  of  the  return-circuit  low-speed 
wind  tunnel  of  he  Aerodynamisches  Institut.  The  flow  was 
tripped  at  the  leading  edge  with  a  wire  of  2  mm  diameter.  A 
distance  of  500  mm  downstream,  the  boundary  layer  was 
disturbed  by  a  circular  cylinder  with  diameter  D  *  5  mm  or 
10  mm.  Fig.  1.  The  cylinder  was  mounted  with  its  axis  normal  to 
the  free-stream  direction  and  parallel  to  the  plate  at  various 
wall  distances  y  .  In  this  paper  discussion  is  limited  to 
conditions,  for  which  the  cylinder  (D  *  10  mm)  is  fully  immersed 
in  the  boundary  layer  (yc  *  CQ/2),  and  for  which  the  distance 
between  axis  and  wall  is  equal  to  yc  *  2  6Q.  The  quantity 
6Q  *  26  mm  is  the  thickness  of  the  undisturbed  boundary  layer 
at  the  locus  of  the  cylinder.  The  details  of  all  measurements, 
also  including  the  cases  y=  *  5  mm  and  26  mm,  we.  -  reported  by 
Tsiolakis  (1982).  The  free-stream  Reynolds  number  per  unit 
length  was  1.8  ■  10^m'^.  Downstream  of  the  cylinder  profiles  of 


mean  velocities  and  all  Reynolds  stresses  were  measured  by 
means  of  miniature  hot  wires.  The  wall  shear  stress  distribution, 
inferred  from  Preston  tube  measurements,  and  the  pressure 
distribution,  obtained  from  pressure  taps  it  1  mm)  at  the  wail, 
were  also  described  in  the  investigation  quoted.  For  sake  of 
comparison  all  measurements  were  carried  out  in  the 
unperturbed  boundary  layer  as  well. 

Mean  and  fluctuating  velocities  were  measured  by  means  of 
rotating  hot  wires.  The  influence  of  the  magnitude  and  direction 
of  the  local  velocity  vector  on  the  signal  interpretation  were 
taken  into  account  in  the  calibration  according  to  Muller  (1982). 
For  a  hot-wire  fixed  coordinate  system,  the  cooling  law  was 
described  with  an  effective  cooling  velocity  U, 

e2/s2  =  u2  --  u2  .  k2u2 .  h2u2  m 

The  velocity  components  normal  and  tangential  to  a  hot  wire 

in  the  plane  of  the  prongs  were  denoted  by  U^  and  Uy, 

respectively,  and  Ug  was  perpendicular  to  both.  The  directional 

sensitivities  k  and  h  were  determined  from  separate  calibrations 

for  each  hot  wire  used,  the  quantity  S  was  the  constant  of 

proportionality  between  the  electrical  output  E  of  an  analogue 

linearizer  circuit  and  U  .  Transformation  of  the  instantaneous 
_ c 

turbulent  velocities  Uj  *  u.  of  a  laboratory  fixed  coordinate 
system  onto  the  hot-wire  fixed  frame  of  reference  yielded  the 
cooling  law  in  the  form 

E  l^.Y.k.h) /S  =  Ur  =  I  U  IlT,!!  ) -flu.)- fluu.  I)0’5  ,  (2) 

where  L  and  f  contain  ail  double  velocity  correlations  of  mean 

and  fluctuating  velocity  components,  respectively;  the  function 

/  includes  the  linear  fluctuation  terms.  With  the  hot-wire  angle 

Y  between  wire  and  prong  and  the  sensitivities  k  and  h  known, 

rotation  of  the  probe  around  its  longitudinal  axis  with  various 

angles  yields  a  sufficiently  large  number  of  electrical  signals 

for  evaluating  all  mean  velocities  U.(  and  the  Reynolds  stresses 

u.u  . 
i  J 

As  was  pointed  out  already  by  Muller  (1982),  large  scatter 
can  result  in  the  data  reduction,  if  the  squared  time  averaged 
signal 


(3) 


were  reported  by  Klebanoff  and  Oiehl  (1952),  Clauser  (1956)  or 
Marumo  et  al.  (1978). 


E2(<iM  /S2  »  L  .  f 

is  used  to  solve  the  corresponding  set  of  linear  equations  as 
proposed  by  Durst  (1971)  or  Acrivlellis  (1979): 

d;  l^.y.k.h)  W  '  (41 

with  Bj  =  E^/S2  and  W  =  (U2  +  u2,  V2  +  v2,  w2,  UV  +  uv). 

One  reason  for  the  scatter  is  the  unequal  order  of  magnitude  of 
the  terms  L  and  f,  with  L,  in  general,  being  much  larger  than  f. 
Another  reason  is  that  the  coefficient  matrix  is  ill-conditioned: 
Hadamartfs  criterion,  see  Jordan-cngeln  and  Reutter  (1976),  for 
an  (n  x  n)-type  matrix 

K  (dj. )  =1  det  d.^l  /  (  a,  Oj... .  on)  .  (5) 

with  am  being  defined  as  the  square  root  of  the  sum  of  all 

squared  elements  of  the  m-th  row  of  d.., yielded  a  value  of 

5  *1 

K(d..)  a  1.5-10  «1,  indicating  that  equation  (3)  cannot  be 

used  for  accurate  data  evaluation,  if  the  turbulence  level  is  low. 

However,  for  high-intensity  flows  locally  reversed  velocities 

2 

become  significant  and  may  falsify  the  hot-wire  signal  £ 
because  of  rectification,  Muller  (1983). 

In  the  present  investigation  the  conventional  method  for 
calculating  the  Reynolds  stresses  from  the  rms-measurements 
of  the  hot-wire  output  was  used.  Root-expansion  of  equation  (2) 
and  time-averaging  yielded 

( E  ( <1M  -EM|MJ2/S2*  e2(<10  /  S2  *  dj-IID  u"uT 

and  (6) 

(e«DI  ♦  e(<li*i80o)]2/S2=.  b.j(tp)  3“u?  . 

For  this  set  of  equations  Hadamard's  condition  yielded 
K  —  0.9978  a  1  indicating  a  well-conditioned  system. 

After  measuring  all  Reynolds  stresses,  the  mean  velocities 

were  evaluated  from  equation  _(4)  as  proposed  by  Muller  (1982), 

yielding  an  accuracy  of  order  (u^)  compared  to_the  conventional 

2 

method,  which  has  an  inherent  error  of  order  (u  ). 

DISCUSSION  OF  RESULTS 

Measurements 

Figs.  2  and  3  show  the  measured  mean  velocities  for  the  test 
cases  O  *  10  mm  and  yc  *  52  mm  and  13  mm,  respectively, 
compared  to  the  smoothed  results  of  the  undisturbed  boundary 
layer.  The  data  show  the  spreading  of  the  wake  and  the  decay  of 
the  velocity  defect.  The  near-wall  region  of  the  perturbed 
boundary  layer  recovers  over  a  shorter  distance  than  the  outer 
layer.  Within  the  downstream  measuring  range  20 Sx/Ds86, 
relative  minima  of  the  velocity  profiles  were  only  measured 
with  the  cylinder  positioned  outside  of  the  boundary  layer  and 
for  ye  *  26  mm  and  x/D  *  20.  Mean  velocity  data  of  boundary 
layar-cylinder  wake  interactions  similar  to  those  discussed  here 


The  present  investigation  also  includes  measurements  of  the 

Reynolds  stress  tensor  as  shown  in  Figs.  4-7.  For 

y  *  2  5  =  52  mm  the  normal  stresses  are  close  to  those  of  an 
^  o  2  2  2 

undisturbed  boundary  layer  (u  >w  >v  )  for  y  £  6Q/2,  Fig.  4.  In 

the  outer  part  of  the  flow  the  measured  profiles  correspond  to 

those  of  Townsend  (1956)  obtained  with  a  cylinder  in  unifojrn 

2  2  ”"2  2 

free-stream  (v  >w  >u  ).  Because  of  vortex  shedding  the  v  - 

correlation  is  the  largest  one  in  the  wake  flow.  The  profiles  of 

2 

w  exhibit  a  relative  minimum  at  y  =  yc  which  disappears  at 
x/D  a  50.  At  the  measuring  station  farthest  downstream 
(x/D  =  86),  the  normal  stresses  measured  in  the  wake  region, 
Fig.  5,  approach  equal  orders  of  magnitude,  while  in  the 
boundary  layer  the  turbulence  structure  remains  unchanged.  The 
Reynolds  shear  stress  uv  approaches  zero  with  increasing 
distance  from  the  wall,  in  the  outer  region  it  has  a  symmetrical 
shape  about  yc  and  correspondingly  changes  its  sign.  The 
measured  results  of  mean  velocities  and  Reynolds  stresses  for 
this  test  case  with  yc  =  2  6Q  indicate  negligible  interaction 
between  boundary  layer  and  wake  flow.  In  the  other  example 
chosen  for  discussion,  yc  =  13  mm  (Fig.  6),  boundary  layer  and 
wake  do  interact  with  each  other.  In  contrast  to_the 

measuremenr  discussed  above,  the  maximum  value  of  v2  is 

2  2  2  — 

reduced  considerably  yielding  u  >w  >v  .  The  uv-correlation 
does  not  change  its  sign  in  this  case.  At  x/D  *  86,  Fig.  7,  the 
measured  profiles  of  the  Reynolds  stresses  are  close  to  thoseof 
an  undisturbed  boundary  layer  except  for  the  large  values  of  w2. 

For  those  test  series,  in  which  the  profiles  of  die  mean 
velocity  indicate  relative  minima,  the  wall  distances 
y(  8U/  3y  =  0)  and  those  of  y(uv  *  0)  are  equal  and  the  sign  of 
the  turbulent  shear  stress  is  determined  by  that  of  the  velocity 
gradient.  Such  results  are  consistent  with  gradient-type  closure 
assumptions  and  therefore  the  mixing  length  distributions  were 
evaluated.  The  length  scale  of  the  free  shear  layer  was  found  to 
be  constant  across  the  wake  with  a  magnitude  being  about  three 
times  the  value  obtained  in  the  outer  layer  of  the  wall-bounded 
undisturbed  shear  flow.  The  mixing  length  distributions  of  the 
interacting  flow  of  the  other  test  cases  were  also  evaluated;  the 
results  obtained  for  yff  *  13  mm  are  shown  in  Fig.  8.  The  near¬ 
wall  slope  x*  3/  /  3y  decreases  with  increasing  downstream 
distance  (0.8<X<0.5).  The  average  value  is  about  0.6.  In  the 
outer  layer  /  /  6  increases  from  0.1  at  x/D  *  20  to  f  /6=  0.14 
for  x/D  2  40.  The  measured  near-wall  and  outer-layer 
asymptotes  are  substantially  larger  than  the  corresponding  ones 
of  equilibrium  boundary  layers,  x  =  0.41  and  //  6  *  0.085, 
respectively.  The  mixing  length  distributions  evaluated  for  the 
test  case  y=  *  5  mm  closely  agree  with  those  of  Fig.  8.  The 
same  results  were  also  obtained  for  the  inner  layer  of  test  case 
yc  =  26  mm,  while  in  the  outer  layer  a  constant  length  scale 

identical  to  that  of  case  y„  =  52  mm  was  evaluated, 
c 

Numerical  Simulation  and  Analysis  of  Self-Similarity 

Ail  flow  fields  investigated  were  simulated  numerically  by 


solving  the  boundary-layer  equations  with  an  implicit  finite- 
difference  method  developed  at  the  Aerodynamisches  Institut. 
Eddy  viscosities  were  prescribed  with  a  two-layer  mixing-length 
closure  assumption  adjusted  to  the  measurements.  Using  the 
smoothed  velocity  profiles  measured  at  x/D  =  20  as  initial 
conditions  and  neglecting  downstream  pressure  gradients 
according  to  the  measurements  of  Tsiolakis  (1982),  good 
agreement  between  computed  mean  velocity  profiles  and 
experimental  data  was  obtained.  For  the  test  case  yc  =  13  mm, 
Fig.  9,  the  calculations  show  a  slight  overshoot  in  the  outer 
layer  compared  to  the  measurements.  In  the  transition  region 

between  law-of-the-wall  and  interactive  flow,  y  a  5  mm,  the 
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measurements  indicate  targe  curvatures  3  UIA  '  3y  ,  which 
could  not  be  simulated  correctly  in  the  computations.  Probably 
a  more  sophisticated  turbulence  model  would  be  suited  better 
for  predicting  the  relaxing  boundary  layer,  though  for  the 
present  flow  the  definition  of  the  initial  conditions  is  expected' 
to  give  rise  to  problems. 

The  experimental  data  were  also  analyzed  with  regard  to 
self-preserving  characteristics  of  the  flow.  The  velocity  defect 
created  by  the  cylinder  was  obtained  by  subtracting  the  mean 
velocity  profiles  of  the  perturbed,  interacting  flow  from  those 
of  the  undisturbed,  flat-plate  boundary  layer,  see  Figs.  2  and  3: 

AU  .  (UFp  -  UIA)  .  (7) 


The  computation  of  outer  and  inner-layer  similar  mean 
velocity  profiles  was  carried  out  by  assuming  a  constant  mixing 
length  or  a  constant  eddy  viscosity  across  the  wake,  as  proposed 
by  Schlichting  (1930)  and  Reichardt  (1942),  respectively.  Since 
both  results  agreed  closely,  discussion  will  be  limited  to  the 
latter  assumption.  For  a  cylinder  in  uniform  free-stream, 
substitution  of 

AO/U®  =  f  (i|l  /  (x/D)05  (111 


into  the  momentum  equation 

n  3AU  -  a2Au 

3x  3yZ 

yields  the  similar  solution 

'"max  5  exp(  -n2/Uvtll 


(12) 


(13) 


Using  Reichardt’s  experimental  far-field  results  for  the  half 
width  ( ’’l  j^/2  “  0.22)  and  the  nondimensional  eddy  viscosity 
(  vt  *  V  /(UjoD)  =  0.0164),  results  in  the  profile  plotted  versus 
T/llj/2  in  Fig.  11  and  in  the  outer  half  of  Fig.  12.  The 
measured  correlations  agree  excellently  with  this  solution,  since 
with  the  measured  half  width  being  approximately  1.5  -  0.22, 
see  Fig.  10,  and  with  the  average  eddy  viscosity  being  about 
2.5-0.0164,  the  same  solution  for  f/fmax  versus  Tl/Tl^  ls 
obtained. 


Following  Schlichting  (1930)  and  Reichardt  (1942),  the 
existence  of  self-similarity  of  the  wake  requires  AU-(x/0)"0,5 
and  L~(x/D)°'5  as  scaling  laws  for  characteristic  velocity  and 
length  scales.  Therefore  the  maximum  velocity  defect 
A  Umj|x  *  max(Upp-UjA)  as  well  as  the  outer-layer  half  width 

bl/2  «y(0.SAUmOx)-y(A0max)  .  (8) 

evaluated  for  all  test  cases  with  D  =  10  mm,  are  plotted  in  Fig. 

10  and  compared  with  the  empirical  far-field  scaling  laws  of  the 

investigations  quoted  above.  Since  scaling  with  (x/D)3-3 

approximately  exists,  except  for  yc  =  5  mm,  the  normalized 

velocity  defect  AU/  AU _ was  plotted  for  y  =52  mm  and 

max  c 

13  mm,  e.  g.,  in  Figs.  11  and  12  versus  the  normalized  wall 
distance  T|  /  ij  jy2,  with 

n  .  ((  y -y  (  ACJ)  )  /0  )  /  (  x/0)°  5  (91 

max 

and 

•n,/2  *  b1/2 /(x/o)05  do) 

The  correlations  indicate  that  the  self-preserving  wake 

characteristics  ere  retained  for  y_  *  52  mm  and  for  the  outer 

c 

shear  layer  of  yc  *  13  mm.  In  the  interacting  region  of  the  flow, 
similarity  exist*  for  -0.5  Z  i|/ n^SO,  but  deviations  become 
larger  a*  n/  i)j/2  approaches  -1.  Steep  velocity  gradients  in  the 
inner  pert  of  the  woke  region  are  typical  for  all  correlations 
evaluated  in  contrast  to  vanishing  gradients  at  the  outer  edge. 


The  inner-layer  similarity  of  the  cylinder  wake  (  ti/ti  iy2<0) 
was  analyzed  by  assuming  the  boundary  layer  flow  to  be  created 
by  a  velocity  defect  AjU,  Fig.  13.  The  flow  of  the  wake  of  the 
cylinder,  A2U,  can  be  superposed  in  a  first  approximation  to 
yield  the  resultant  velocity  defect 

AU  =  A,U  *  A2U  .  (14) 

Substituting  A^U,  approximated  by 


with  c  ~  -  9  5 


(151 


and 


.16) 

U®  (x/O)05 

into  the  momentum  equation  (12),  yields  a  differential  equation 
for  the  similar  profile  f2(ti)  of  the  inner-layer.  With  the  eddy 
viscosity  prescribed  by  ~  0.04  as  found  for  all  wake  flows 
investigated,  Runge-Kutta  integration  resulted  in  the  profile 
f2/f2rn>x  plotted  for  n/n^SO  in  Fig.  12;  according  to  the 
measurements  of  Fig.  10,  the  half  width  was  set  to  *  0.33. 
The  calculated  self-similar  profile  reasonably  approximates  the 
measured  correlations  in  the  range  -0.5  £  n/ H iy2 < 0.  For 
ti  /  T|  i/j—  -1  the  computed  velocity  gradient  considerably 
overestimates  the  measured  values.  Obviously  in  the  near-watl 
region  self-similarity  breaks  down. 


The  measured  profiles  of  the  Reynolds  shear  stress  uv  were 
analyzed  in  the  same  way  as  described  for  the  mean  velocities. 
In  the  outer-layer  wake  self  similarity  was  found  to  correspond 
to  that  of  a  cylinder  in  uniform  flow.  The  results  obtained  for 


the  inner-layer  failed  to  indicate  acceptable  agreement 
between  theory  and  experiment  because  of  inaccuracies  of  the 
measurements  and  due  to  the  coarse  simplifications  inherent  in 
the  theoretical  similarity  analysis. 

CONCLUDING  REMARKS 

The  interaction  of  an  incompressible,  two-dimensional 
turbulent  boundary  layer  with  a  cylinder  wake  was  investigated 
experimentally  and  theoretically.  Cylinders  with  different 
diameters  D  were  positioned  at  various  distances  yc  from  the 
wall;  the  paper  discusses  typical  results  obtained  from  the  test 
series  with  D  *  10  mm  and  y  *  6/2  and  y  =  2  5  with 
6q  =  26  mm  being  the  thickness  of  the  undisturbed  boundary 
layer  at  the  position  of  the  cylinder.  In  addition  to  the  wall 
shear  stress  and  the  pressure  distributions,  profiles  of  mean 
velocities  and  Reynolds  stress  tensors  were  measured  by  means 
of  hot  wires.  The  method  of  Ourst  (1971)  or  Acrivlellis  (1979) 
for  evaluating  the  mean  and  fluctuating  velocities  from  the 
squared  hot-wire  signals  was  shown  to  yield  an  ill-conditioned 
set  of  equations  for  turbulence  levels  below  60  %.  Therefore  the 
conventional  data  reduction  method  based  on  a  root-expansion 
of  the  hot-wire  coaling  law  was  used. 

The  results  obtained  from  the  measurements  and  their 
analysis  may  be  summarized  as  follows: 

-  Interaction  of  turbulent  boundary  layer-wake  flow  occured 

for  the  test  series  with  y_  S  6/2  as  well  as  for  y_  =  6  in 

the  range  y<yc;  in  the  outer  layer  of  the  latter  case  and 

for  y.  =  2  6  the  wake  was  created  by  uniform  free- 
c  o 

stream. 

-  The  mean  velocities  perturbed  by  the  wake  recovered  over  a 
shorter  distance  in  the  near-wall  region  than  in  the  outer 
layer. 

-  At  the  measuring  station  farthest  downstream  (x/D  =  86)  the 
boundary  layer  had  not  recovered  completely. 

— 2 

-  Vortex  sheddino  generated  large  velocity  correlations  v  ,  as 

2  2 
well  w  was  found  to  be  larger  than  g  .  The  downstream 

2  2  2 

relaxation  reestablished  the  order  of  magnitude  u  >w  >v 
typical  for  undisturbed  boundary  layers. 

-  The  mixing  length  distributions  determined  from  the 
measurements  differed  markedly  from  those  of  an 
undisturbed  boundary  layer.  In  the  interacting  flow  region 
the  near-wall  slopes  x>  37/  3y  decreased  with  increasing 
downstream  distance  (0.8  2x<0.5).  The  average  value  was 
about  X  *  0.6.  In  the  outer  layer  // 6  increased  from  0.1  at 
x/O  *  20  to  7/6  =  0.14  for  x/D  2  40.  The  turbulent  length 
scale  for  the  non-interacting  wake  flow  was  found  to  be 
constant  across  the  shear  layer  with  a  magnitude  being 
about  two  and  a  half  times  the  value  measured  in  the  outer 
region  of  the  undisturbed  boundary  layer.  Consistent  with  a 
gradient-type  turbulence  model,  the  wall  distances 
y(  90/  8y  *  0)  agreed  with  y(uv  *  0).  At  these  coordinates 
the  uv -shear  stress  changed  its  sign. 


Numerical  simulations  of  ail  flows  investigated  were  carried 
out  by  solving  the  boundary-layer  equations  with  a  finite- 
difference  method.  Prescribing  the  eddy  viscosities  with  a 
two-layer  mixing-length  model  adjusted  to  the 
measurements,  the  computed  mean  velocities  indicated  good 
agreement  with  the  experimental  data. 

The  velocity  defect  measured  in  the  cylinder  wake  could  be 
correlated  -  except  for  the  near-wall  region  -  in  terms  of 
similarity  variables.  The  outer-layer  correlations  agreed 
closely  with  classical  similarity  theories,  for  the  interacting 
inner-layer  flow  a  modified  similar  solution  was  developed. 
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Fig.  7.  Manured  Reynolds  stresses. 


Fig.  10.  Measured  maximum  velocity  defect  of  cylinder  wake 
and  outer-layer  half  width. 
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Fig.  11.  Self-preservation  of  wake  flow. 
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Fig.  8.  Measured  mixing  length  distributions  normalized  by 
boundary  layer  thicknesses. 
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Fig.  12.  Measured  seif-preservation  of  wake  flow  compared  to 
similar  solutions  for  cylinder  in  uniform  and  sheared  free- 
stream. 


Fig.  9.  Comparison  of  measured  mean  velocities  with  results  of  Fig.  13.  Decomposition  of  boundary  layer-wake  interaction  for 
finite-difference  solution.  analyzing  self-  similarity  of  wake  flow. 


EFFECT  OF  SIDE  WALLS  OF  WIND-TUNNEL  ON  TURBULENT  WAKE 


BEHIND  TWO-DIMENSIONAL  BLUFF  BODY 

Michio  TAKEUCHI  and  Tetsushi  OKAMOTO 
Department  of  Mechanical  Engineering, 
Aoyama  Gakuin  University,  Tokyo,  Japan 


This  paper  presents  an  experimental  investigation  of 
the  effects  of  side  walls  of  wind-tunnel  on  turbulent 
wake  behind  a  two-dimensional  flat  plate.  The  drag  of 
flat  plate,  the  frequency  of  vortices  shedding,  the 
dimension  of  vortex  street,  the  velocity  and  static 
pressure  in  wake  and  turbulence  of  wake  behind  a  flat 
plate  were  measured  for  various  distances  between  side 
walls  of  wind-tunnel.  It  is  found  that  the  drag 
coefficient  of  flat  plate  increases,  the  wake  region  is 
reduced,  and  turbulence  of  wake  increases  as  the  width  of 
flat  plate  increases.  And  the  blockage  effect  of  side 
walls  may  be  ignored  when  the  ratio  of  (width  of  bluff 
body)/  (distance  between  side  walls)  is  less  than  0.05. 


2.  NOTATION 


x.y  :  coodlnates  with  origin  at  center  of  frontal  surface 
of  flat  plate  (see  Flg.l) 
c  :  width  of  flat  plate 

H  :  distance  between  side  walls  of  wind-tunnel 
Uo  :  velocity  of  uniform  undisturbed  stream 
U  :  x-coaiponent  of  local  velocity 
Ut  :  x -component  of  velocity  at  outer  edge  of  wake 


u  :  velocity  defect  (=Ui  -U) 

um  :  maximum  velocity  defect 

u\ V  :  x-  and  y-component  of  velocity  fluctuation 

b  :  half  width  of  wake  (value  of  y  where  U=0.99UO 

by,  :  half  width  at  half  depth  (value  of  y  where  U«U> /2) 

Po  :  static  pressure  of  uniform  stream  Uo 

Ps  :  local  static  pressure 

Pb  :  base  pressure  of  flat  plate 

Cp  :  pressure  coefficint  =(Ps-Po)/|bUo 

Cpb  :  base  pressure  coefficient  *(Pb-Po)/|pUo 

C»  :  drag  coefficient 

Cso  :  drag  coefficient  in  case  of  c/H-0 

o  :  dencity  of  air 

v  :  kinematic  viscosity  of  air 

B  :  constant,  ratio  of  mixing  length  l  to  half  width  of 
wake 

a  :  distance  between  consecutive  vortices  at  same  row 
h  :  distance  between  vortex  rows 
N  :  frequency  of  vortices  shedding 
St  :  Strouhal  number  (»Nc/Uo) 

Re  :  Reynolds  number  (»Uoc/v) 


3.  INTRODUCTION 


Many  wind-tunnel  test  on  a  building,  stack,  cooling 
tower  and  other  structures  have  been  conducted  using 
relatively  large  models  compared  with  the  size  of 
wind-tunnel.  In  those  cases  the  blockage  effects  of 
wind-tunnel  walls  are  involved  in  the  test  results.  The 
authors  have  studied  the  blockage  effects  on  the  flow 
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past  a  two-dimensional  circular  cylinder  in  previous 
paper11’.  The  blockage  effects  on  the  flow  around  a  flat 
plate  normal  to  a  uniform  stream  were  studied  by 
Love1”  and  Birkhoff-Plesset-Simmons1”  ,  using  the  theory  of 
discontinuous  flow,  and  the  wall  effect  on  the  drag  was 
investigated  by  Glauert1*1'1*’,  Fage-Johansen1*1  and 
Maskell1”  .  In  spite  of  those  studies,  however,  some 
problems  of  the  wake  are  remained  to  be  unsolved.  This 
paper  presents  an  experimental  investigation  of  the 
blockage  effects  of  wind-tunnel  walls  on  the  turbulent 
wake  behind  a  two-dimensional  flat  plate  normal  to  a 
uniform  stream. 

4.  APPARATUS  AND  PROCEDURE  OF  MEASUREMENT 


The  experiment  was  carried  out  in  the  N.P.L.  type 
wind-tunnel  having  a  60*60cm  working  section  of  310cm 
length.  This  wind-tunnel  can  produce  a  uniform  stream  of 
the  velocity  of  2'40m/sec  and  the  intensity  of  turbulence 
of  about  0.25%.  The  flat  plate  used  in  this  experiment 
was  of  25mm  width,  4mm  thickness  and  600mm  length.  The 
rear  corner  of  flat  plate  was  cut  off  to  make  the  sharp 
edge  of  20  degrees1*1  . 

This  flat  plate  was  set  vertically  between  the  upper 
and  lower  walls  of  wind-tunnel  at  the  distance  600mro 
downstream  from  the  nozzel  exit  (see  Fig. 2).  The  flow  in 
the  center  section  may  be  regarded  as  the 
two-dimensional . 

Two  aluminum  plate  of  4mm  thickness,  600mm  width  and 
3,200mm  length,  which  were  used  as  the  side  walls,  were 
mounted  in  the  working  section,  as  seen  in  Fig. 2.  The 
distance  H  between  the  side  walls  was  varried  in 
c/H>0.042,  0.127,  0.213  and  0.297,  where  H  was  the 
distance  corrected  by  reducing  the  displacement  thickness 
(about  0.8mm)  of  the  boundary  layer  along  a  side  wall 


from  apparent  distance.  For  all  cases  the  inclination  of 
the  upper  wall  was  adjusted  so  as  to  have  no  gradient  of 
the  static  pressure  in  the  direction  of  the  stream. 

The  velocity  and  static  pressure  were  measured  by 
the  Pitot-static  tube  of  diameter  2mm,  and  turbulence  was 
measured  by  a  hot-wire  anemometer  of  x-type  probe  of 
diameter  5p  of  the  tungsten  wire.  The  rod  supporting  the 
Pitot-static  tube  or  the  hot-wire  probe  was  mounted  on  a 
carriage  moving  along  the  rails  above  the  working 
section. 

Twelve  pressure  holes  of  diameter  0.3mm  were  bored 
at  the  surface  of  flat  plate  to  measure  the  surface 
pressure.  Measurements  were  performed  in  the  center 
plane  (x-y  plane)  of  a  flat  plate  at  17  stations  of 
x/cw-5  v80.  Since  it  is  well-known  that  the  drag  of  a 
flat  plate  normal  to  a  uniform  stream  is  independent  of 
the  Reynolds  number  when  Re  is  greater  than  1000,  the 
test  was  carried  out  at  the  wind  speed  20m/sec  only, 
corresponding  to  Re»3. 22»10* . 

The  vortex  street  generated  in  the  wake  behind  a 
flat  plate  were  observed  in  the  water  channel  of  length 
500cm,  width  38cm  and  depth  20cm.  The  flow  patterns 
visualized  by  the  aluminum  powders  floated  on  the  water 
surface  were  photographed  in  cases  of  c/H»0.053,  0.100, 
0.200,  0.303  and  0.400.  The  velocity  of  the  carriage 
having  flat  plates  of  20mm  width  was  13.3cm/sec, 
corresponding  to  Re»2.49«l0* . 

5.  RESULTS  AND  DISCUSSIONS 

5.1  PRESSURE  DISTRIBUTION  ON  SURFACE  OF  FLAT  PLATE 

The  distribution  of  pressure  on  the  surface  of  flat 
plate  was  measured  in  order  to  determine  the  drag,  which 
is  related  to  the  characteristics  of  wake. 

(a)  Pressure  at  frontal  surface 

Fig. 3  shows  the  variation  of  the  pressure 
distribution  on  the  frontal  surface  of  a  flat  plate  with 
c/H.  The  pressure  decrease  with  increasing  c/H,  because 
of  an  increase  of  the  velocity  at  the  edge  due  to 
increase  c/H.  The  pressure  for  case  of  c/H«0.042  agrees 
well  with  the  theoretical  values  of  Plesset  et.  al.1”  for 
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c/HbO,  whence  Che  pressure  on  frontal  surface  may  be  seen 
to  be  unaffected  by  the  tunnel  walls  when  c/H<0.042. 
Moreover,  the  results  by  Fage-Johanaen  for  case  of 
c/H-0.07  are  shown  for  the  sake  of  comparison. 

The  chain  line  denotes  the  theoretical  value  based 
on  the  potential-flow  theory,  i.e.  Cp»l-n2( 1-n1 ) ,  where 
n  «t/(c/2).  The  pressure  distribution  approaches 
gradually  to  this  theoretical  curve  as  c/H  increases.  The 
fact  suggests  that  the  wake  region  behind  a  flat  plate 
will  become  narrower  with  increasing  c/H. 

(b)  Base  pressure 

The  distribution  of  base-pressure  was  almost  uniform 
for  all  values  of  c/H.  Fig. 4  indicates  that  the  base 
pressure  coefficient  decreases  wit  increasing  c/H.  The 
result  are  well  expressed  by  the  equation 

Cpb«l-2(l-*0.4(c/HUU-(c/H)l  *• 
for  c/H  >0.042.  showing  a  good  agreement  with  the  result 
of  Fage-Johansen's  experiment.  For  c/H<0.042,  the  value 
of  Cpb  are  almost  unchanged  with  c/H. 


Fig. 5  shows  the  drag  coefficient  determined  from  the 
surface-pressure  distribution.  It  is  found  that  the  drag 
coefficient  increases  with  increasing  c/H  and  agrees  wall 
with  the  result  by  Fage-Johansen.  Glauerf*’  suggested 
following  equation  of  the  drag  coefficient  : 

C»o«C»<  l-»(c/H)>* 

where  the  values  of  Cso  and  t  are  determined 
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experimentally,  The  present  experiment  gives  t  »l.ll  and 


Csoal . 80 ,  whence 

C»-l. 8(1-1. ll(c/H) ) •' 

The  full  line  in  Fig. 6  shows  the  value  of  Ce 
obtained  from  this  equation,  which  agrees  well  with  the 
present  results  except  the  case  of  c/H-0.042.  For  cases 
of  c/H<  0.042,  the  value  of  C»  is  1.98. 


5.3  FREQUENCY  OF  VORTICES  SHEDDING 


The  frequency  of  vortices  3hedding  in  the  wake  was 
measured  by  means  of  a  probe  of  the  hot-wire  anemometer 
set  at  the  appropriate  position  behind  a  flat  plate  and 
the  oscilloscope.  An  I-type  probe  of  diameter  5ii  of  the 
tungsten  wire  was  used,  and  the  frequency  of  vortices 
shedding  was  determined  from  the  photograph  of  signals. 

The  observations  were  performed  for  various  values 
of  c/H  at  the  Reynolds  number  3.22x10*.  It  is  found  that 
the  frequency  of  vortices  shedding  is  almost  unchanged 
with  c/H  and  the  Strouhal  number  is  St»Nc/Uo«l .49  so  long 
as  c/H  is  less  than  0.297.  The  present  result  is 
appreciated  by  comparison  with  the  result  by 
Fage-Johansen,  St«0.148,  in  case  of  c/H»0.07.  For  case  of 
large  values  of  c/H,  Richter-Naudascher"  ”  have  reported 
that  the  Strouhal  number  for  a  blunt  body  increases  in 
the  case  of  large  values  of  c/H. 


5.4  VORTEX  STREET  IN  WAKE 


The  vortex  street  in  the  wake  behind  a  fist  plate 
was  photographed  in  the  water  channel.  The  water-channel 
experiment  was  performed  at  the  Reynolds  number  2.49«10’. 
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considering  Rosenhead-Schwabs ' s  suggsstionuu  that  the 
dimension  of  vortex  street  is  independent  of  the  Reynolds 
number  so  long  as  Re  is  greater  than  1000.  Figs. 6^-9  show 


5.5  VELOCITY  AMD  STATIC  PRESSURE  IN  WAKE 


Figs. 11  ■'.14  show  the  distributions  of  velocity  and 


the  photographs  of  vortex  street  for  various  values  of  static  pressure  for  the  cases  of  c/H«Q.Q42  and  0.297.  In  0 


c/H.  It  is  found  from  those  photographs  that  the  value 
of  h/a  decreases  with  increasing  c/H,  as  shown  in  Fig. 10. 
The  value  of  h/a  in  case  of  c/H-0.053  is  greater  than  the 
Kdrmah's  theoretical  value,  h/a*0.281 ,  while  h/a  for  a 
circular  cylinder  is  close  to  the  Karmatn 1  s  value. 
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rl^£  vertex  street  c/H *0G53.  time  exposure  1/A  sec. 
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rig.7  vortex  street  c/H=v1C0  .  im  exposure  l/Asec. 


ig.2  vortex  street  .  c/H *0200.  time  exposure  1/4  sec 


vortex  street  f  h *0303 .  time  exoosure  VAsec. 


case  of  c/Hw0.042  the  velocity  outside  of  wake  is  nearly 
U/Uo«l . 05  and  the  corresponding  static  pressure  is  nearly 
Cp«-0.07.  In  case  of  c/H*0.297  the  effect  of  side  walls 
appears  obviously  and  the  wake  disappears  at  x/c«30.  jjj~ 

Fig. 15  shows  the  variation  of  velocity  Uiat  the 
outer  edge  of  wake  with  x/c.  It  is  found  that  the  value 
of  U‘  /Uo  varies  remarkably  with  c/H  in  the  near  wake 

becauae  of  existence  of  vortex  street,  but  it  becomes  — 

»* 

nearly  constant  at  the  downstream  distance  beyond 
x/c«40. 


Fig. 16  shows  variation  of  velocity  Uc  and  static 
pressure  at  the  center  of  wake  with  x/c.  It  is  found  that 
the  recovery  of  velocity  is  fast  as  c/H  increases  and 


that  of  static  pressure  is  slow. 


5.6  WIDTH  OF  WAKE 


~ig.!0  Dimension  of  vortex  street 
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Variation  of  the  width  of  wake  with  x/c  is  shown  in 
Fig. 17,  where  a  broken  line  indicates  the  value 
calculated  by  use  of  the  theory  of  discontinuous  flow  for 
case  of  c/H«0.  The  width  of  wake  becomes  maximum  at 
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x/cwlS.5  for  cut  of  c/H«0.127,  at  x/c«5.5  for  c/H«0.213 
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and  at  x/c«3  for  e/Ha0.297,  and  beyond  the  maximum  point 
the  width  of  wake  decreaaes.  It  is  found  from  this  figure 
that  the  wake  region  becomes  narrow  with  increasing  c/N 
and  it  disappears  at  x/c»42  for  case  of  c/H»0.213  and  at 
x/c-26  for  case  of  c/H-0.297. 

Fig. 18  shows  half  width  b^  at  half  depth  of  wake. 
Schlichtintf*”  gave  following  equation  for  half  width  of 
wake  of  a  two-dimensional  body  for  case  of  c/H»0 , 
assuming  that  the  mixing  length  is  l«8b. 
b»-0 .441/TOb ( x/Cpc )  “ 

The  present  experiment  for  case  of  c/H«0.042  gives 
b)i»0. 269  (x/Cpc) 1/1 

from  which  the  value  of  8  is  0.193,  while  8«0.179  for  a 
circular  cylinder. 

5.7  VELOCITY  DEFECT  OF  WAKE 

Fig.  19  shows  the  velocity  defect  of  wake  at  x/c«10 
and  x/c>30.  The  full  line  in  this  figure  denotes  the 
theoretical  value  by  Schlichting  in  the  similar  profile 
region  for  case  of  c/H-0,  i.e. 
u/uw-tl-ty/b)1"  )* 

where  ua  is  the  maximum  velocity  defect  occured  at  y»0 . 
The  velocity  defect  at  x/c«10  approaches  gradually  to  the 
theoretical  value  by  Schlichting  as  c/H  increases,  but  in 
case  of  c/H-0.297  it  swells  out  beyond  the  theoretical 
value.  The  velocity  defect  at  x/c»30  for  case  of 
c/H»0.042  is  close  to  the  theoretical  value  by 

Schlichting. 

Fig. 20  shows  variation  of  the  velocity  defect  for 
case  of  c/H«0.042  with  x/c.  The  broken  line  in  this 
figure  indicates  the  theoretical  value  by  Reichardt0? 
i.e. 

U/ Vtaaexp  ( -Ooy 1  /4c,x ) 

which  is  in  good  agreement  with  the  present  results  at 
x/c  beyond  30.  Variation  of  the  maximum  velocity  defect 
with  x/Csc  is  shown  in  Fig. 21.  Schlichting  gave  the 

following  equation  of  the  maximum  velocity  defect  in  the 
similar  profile  region 

iWU>>(VI3/18<  )(x/C»c)  *lfl 


Fiqi6  Velocity  and  static  pressure  at  center  at  wane 


mqi9  Similarity  m  velocity  profile  for  «/c-’0  and  30 


The  present  experiment  for  ease  of  c/H«0.042  gives 


WU>-0.9l3(x/C»c)  *w 


5.8  TORBULENCE  IN  WAKE 

Fig. 22  and  23  show  the  intensity  of  turbulence  (lP/U 
in  the  x-direction  and  the  intensity  ratio  /v5//!?  for 
cases  of  e/HwO.042  and  0.297  respectively.  For  the  case 
of  c/HaO.042,  rff/u  becomes  maximum  at  the  center  of  wake 
and  decreases  gradually  to  0.25%  (turbulence  of  main 
streaaO  with  increasing  y,  and  the  turbulent  intensity  at 
the  center  of  wake  decreases  as  x/c  increases.  The  value 
of  intensity  ratio  disperses  around  the  unity. 

Far  tha  case  of  c/H«0.297  the  intensity  is 

about  0.7%  even  at  x/c«30,  and  there  exists  no  region 
where  turbulence  of  main  stream  remains. 

6.  CONCLUSION 

Suonarizing  the  results  mensioned  above,  the 
following  conclusions  are  obtained. 

(1)  The  drag  coefficient  of  a  flat  plate  increases  with 
increasing  c/H  except  the  case  of  c/H<0.05.  In  the  case 
of  c/H-0.05  the  drag  coefficient  is  1.98. 

(2)  The  frequency  . '  vortices  shedding  is  almost 
unchanged  with  c/H  and  tha  Strouhal  number  is  0.149  so 
long  as  c/H  is  leas  than  0.3. 

(3)  The  value  of  h/a  of  vortex  street  decreases  as  c/H 

increases. 

(4)  The  wake  region  is  reduced  as  c/H  increases. 

(9)  The  x-component  of  intensity  of  turbulence  in  the 
wake  increases  with  increasing  c/H. 

(6)  The  effect  of  side  walls  of  a  wind-tunnel  may  be 
ignored  when  c/H  is  less  than  0.05. 
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ABSTRACT 

Two  configuration!  of  vortical  wake  flovn  art  investigated.  Tha 
firat  (flow  A)  coiraaponda  to  a  double  branched  trailing  vortax,  tha  aecond 
(flow  B)  to  the  leading  edga  vortex  of  a  delta  wing.  Both  flowi  ara  studied 
in  the  pretence  of  a  destabilizing  adverse  pretaura  gradient  leading  to 
vortex  breakdown.  For  various  degrees  of  destabilization,  the  flow  field  is 
explored  by  means  of  a  two-color  later  vetocimeter  that  yields  mean 
velocity  and  Reynolds  screes  distributions  across  tha  flow.  Breakdown  it 
characterized  by  a  strong  deceleration  of  the  flow  near  the  axis  of  the 
vortax,  by  a  significant  decrease  of  the  rotation  rata  in  the  center  and 
consequently  by  a  large  production  of  turbulence.  When  breekdown 
occurs,  both  types  of  flow  reveal  similar  characteristics  of  the  flow  struc¬ 
ture.  However,  there  are  also  significant  differences,  the  most  important 
being  tha  abruptness  of  tha  breakdown  phenomenon  and  its  instability 
character  which  is  much  more  pronounced  for  vortax  flow  B. 

NOMENCLATURE 

E  turbulent  energy,  1/2  (u1  +  r1  +W3) 

K  circulation  parameter,  rV,/U« 

Kp  pressure  coefficient.  Ip  -  Pel/de  • 

p  pressure 

q  dynamic  pressure 

r  radial  d  (stance  from  tha  axis 

U.  V,  W  mean  velocity  components  in  the  x.  y,  z  directions 

u.  v.  w  fluctuating  velocity  components  in  the  x,  y,  z  directions 

V, .vr  mean  and  fluctuating  velocity  in  the  radial  direction 
V,.  v,  mean  and  fluctuating  veiocitv  in  the  tangential  direction 

x.  y.  z  coordinates  in  the  atreamwise.  horizontal  and  vertical  direct  ions 
8  togit  of  jocidtoct 

g  adverse  praaaure  radiant  parameter,  (d  Kp^dxl.K, 

SUBSCRIPTS 

o  reference  upetreem  flow  conditions 

e  external  flam  conditions 

•  conditions  on  the  axis  of  the  vortax 

c  conditions  in  the  teat  chamber  (flow  A) 


INTRODUCTION 

Vortical  type  Hows  play  a  major  role  in  modem  aerodynamics. 
Of  racial  practical  imarast  ara  vortex  wakes  generated  by  lifting  surfaces 
or  by  rotor  blades.  In  particular,  the  phenomenon  of  vortax  bursting,  that 
arisas  as  a  consequence  of  destabilization  in  tha  presence  of  an  adverse 
pressure  gradient  strongly  affects  flight  qualities  at  high  angles  of  inci- 
denca.  Also  in  many  other  fields,  rotating  flows  play  a  dominant  practical 
rota.  For  Instance,  in  tha  field  of  combustion,  swirling  flows  ara  com¬ 
monly  used  to  enhance  mixing  rates  and  to  stabilize  combustion. 

A  great  deal  of  effort  is  presently  being  devoted  to  the  develop¬ 
ment  of  numerical  predictkre  methods  for  rotating  and  recirculating  vis¬ 
cous  Rows.  Turbulence  plays  a  dominant  role  there  and  tha  success  of 
the  prediction  dapenda  strongly  on  the  deyea  of  accuracy  of  the  model 
used  in  the  cefcuietlunt.  Whilst  mils  factory  propte  has  been  achieved 
in  so  (br  as  the  numerics  ara  concerned,  the  progress  in  the  field  of 


turbulence  modeling  in  swirling  and  recirculating  flows  is  much  less  satis¬ 
factory  and  our  Knowledge  concerning  the  effects  of  rotation  on  turbu¬ 
lence  is  still  incompiata  and  fragmentary. 

Severs  i  basic  research  projects  on  vortax  flows  have  been  recently 
initiated  at  ONERA  with  tha  aim  of  providing  a  better  physical  under¬ 
standing  of  tha  fundamental  processes  involved  and  of  obtaining  quanti¬ 
tative  information  concerning  tha  structure  of  the  mean  and  the  turbulent 
field,  especially  under  breekdown  conditions.  The  present  study,  which 
belongs  to  this  Paste  research  activity,  concerns  two  types  of  subtonic 
vortex  flows  :  The  first  (flow  A)  corresponds  to  a  double  branched  trailing 
vortax.  This  yields  a  quasi-axisymmetrical  swirling  flow  configuration 
which  hat  bean  found  convenient  for  fundamental  investigations  of  tur¬ 
bulence  structure,  eqsacially  under  destabilizing  conditions.  The  second 
(flow  B)  corresponds  to  <  leading  edge  vortex  of  •  delta-wing.  It  was  uaad 
for  a  parametric  study  of  tha  conditions  under  which  breakdown  occurs 
and  to  establish  practical  breakdown  criteria.  Flow  B  yields  a  stronger 
vortax  and  is  therefore  used  for  studying  tha  instability  features  of  tha 
breakdown.  In  both  cams,  destabilization  is  achieved  by  means  of  an 
imposed  positive  praaaure  gradient. 

Laser  Doppler  Anemometry  has  been  extensively  used  in  the 
present  study.  The  advantages  of  this  method  lit  in  its  non-intrustve 
character  and  in  tha  ability  of  detecting  tha  direction  of  the  veiocitv, 
thus  allowing  recirculating  flow  regions  due  to  breakdown  to  be  explored 
accurately.  Soma  typical  results  concerning  tha  mean  and  tha  turbulent 
fields  ara  presented  for  both  types  of  vortax  flows,  especially  under 
destabilizing  conditions.  Common  features  as  wall  as  typical  differences 
between  tha  two  configurations  ara  discussed. 


EXPERIMENTAL  ARRANGEMENTS 

Flow  A  is  generated  by  two  identical  airfoils  spanning  over  tha  teat 
section  and  assembled  together  on  a  slander  cylindrical  body,  aa  indicated 
in  figure  1.  Tha  two  airfoils  (NACA  0012  profile)  have  opposite  inci¬ 
dences  to  that  tha  vortax  insets  issued  from  the  blades  roll-up  into  a 
double  branched  trailing  vortax.  Tha  vortax  strength  can  be  varied  by 
modifying  the  angle  of  attack  of  tha  airfoils.  In  tha  present  study,  fixed 
values  of  *  12“  have  been  used  yielding  a  maximal  tangential  velocity  of 
0.7  U«.  The  cylindrical  test  taction  hat  a  diameter  of  0.3  m  and  tha 
upstream  reference  velocity  is  32.5  m/i. 

Tha  positive  pressure  gradient  in  the  flow  is  created  by  means  of 
secondary  suction  which  acts  on  the  open  pert  of  the  teat  section  (between 
the  locations  x  •  1 53  mm  and  x  »  2B7  mm  downstream  the  vortex  genera¬ 
tor).  The  praaaure  gradient  it  easily  adjustable  by  varying  tha  secondary 
mam  flow  rats  extracted  from  tha  external  test  chamber.  Tha  longitudinal 
evolution  of  tha  static  pressure  in  tha  outer  part  of  tha  flow  (measured  at 
a  radial  dittancs  of  r  •  80  mm)  is  shown  in  figure  2  for  diffarent  aspira¬ 
tion  rat »t  (sxpratsad  hart  by  tha  pressure  coefficient  Kpc  relative  to  the 
praaaure  in  the  test  chamber).  The  positive  pressure  gradient  corratoonding 
to  the  middle  of  the  open  test  secti  in  is  expressed  in  terms  of  the  non 
dimensional  parameter  0  «  (d  Kp,/dxl.  K„  where  the  circulation  parame¬ 
ter  K,  represents  s  characteristic  dimension  of  tha  vortax  (asa  Raf.  [1]). 
Tha  corratoonding  values  of  tha  praaaure  gradient  parameter  g  will  be  given 
further  in  tha  text. 

Tha  longitudinal  velocity  in  tha  flow  is  maintained  constant  by 
meant  of  a  sonic  throat  located  downstream  of  the  teat  chamber.  Stable 
flow  conditions  ara  thus  achieved  even  whan  breakdown  occurs. 


Flow  B  is  generated  by  means  of  a  slender  delta  wing  (sweep  angle 
75* )  mourned  at  incidence  in  the  ten  section  of  a  subsonic  wind  tunnel 
(Fig.  3).  The  diameter  of  the  ten  section  is  1  m  and  the  free  stream  velo¬ 
city  U0  about  15  m/s. 

The  vortex  strength  can  be  easily  adjuned  by  varying  the  angle  of 
attack  of  the  wing.  In  the  present  study,  an  angle  of  20°  has  been  adopted 
yielding  a  maximal  tangential  velocity  of  the  order  of  U0  ■ 

One  of  the  two  vortices  generated  by  the  wing  enters  into  an  air 
intake,  the  flow  rate  of  which  can  be  adjusted  by  means  of  moving  flaps. 
The  resulting  adverse  pressure  gradient  acting  on  the  vortex  can  thus  be 
easily  varied.  In  th«  present  study,  the  position  of  the  flaps  has  been  adjus¬ 
ted  so  that  breakdown  of  the  vortex  occurs  between  the  trailing  edge  of 
the  wing  and  the  air  intake.  The  corresponding  pressure  gradient  parame¬ 
ter  0  is  of  the  order  of  0.04. 


INSTRUMENTATION 

The  flow  field  measurements  presented  below  are  obtained  with  a 
two-component  laser  veiocimeter  system  developed  at  ONER  A.  It  will  only 
be  briefly  described  here,  as  a  more  detailed  description  is  given  in  Ref. 

in 

The  veiocimeter  uses  a  15  W  Argon  laser  as  the  light  source.  The 
later  beam  is  split  in  two  beams  of  blue  (4880  A)  and  green  (5145  A)  light. 
Both  optical  circuits  have  Bragg  call  frequency  shifting  allowing  the 
direction  of  the  velocity  to  be  detected.  Seeding  of  the  flow  is  generally 
provided  by  naturally  occur ing  particles.  In  some  extreme  cases,  incense 
smoke  is  employed.  The  system  provides  simultaneously  the  longitudinal 
and  the  vertical  velocity  components  measured  on  the  same  (validated) 
particle.  Statistical  averages  are  calculated  from  an  ensemble  of  at  least 
2000  samples.  The  veiocimeter  system  operates  in  the  forward  scattering 
mode.  The  ootics  are  mounted  on  rigid  tables  ensuring  computer  control¬ 
led  displacements  of  the  measuring  volume  along  the  three  orthogonal 
axes.  The  visualization  technique  by  a  laser  light  sheet  has  also  been  used 
in  preliminary  stages  of  the  study  in  order  to  characterize  qualitatively  the 
flow  structure  during  the  destabilizing  process  leading  to  breakdown. 
Examples  for  this  kind  of  optical  investigation  can  be  found  in  Ref.(1]. 

RESULTS  AND  DISCUSSION 

Flow  A.  In  this  cast,  the  region  corresponding  to  the  open  part  of 
the  test  section  can  be  easily  explored  by  the  laser  veiocimeter,  due  to  the 
particular  arrangement  shown  in  figure  1.  Horizontal  and  vertical  explo¬ 
rations  are  made  ». .  a  longitudinal  cross  section  located  at  x  *  200  mm,  for 
the  whole  sat  of  advene  pressure  gradients  as  defined  in  figure  2.  The  cor¬ 
responding  values  for  the  pressure  gradient  parameter  0  are  :  0  »  0,  0.008, 
0.020,  0.027,  0.032  and  0.036.  Oniy  for  the  last  four  values  ere  the  pres¬ 
sure  gradients  strong  enough  to  destabilize  the  vortex  wake.  Therefore, 
pert  of  the  results,  especially  those  concerning  the  tufbulent  field,  are 
limited  to  these  four  cases. 

As  the  veiocimeter  measures  the  two  velocity  components  U  and 
W  (longitudinal  and  vertical) ,  the  horizontal  explorations  provide  for  axi- 
symmatncal  flow  the  tangential  velocity  profiles  and  the  vertical  explo¬ 
rations,  the  radial  ones.  The  comparison  of  the  longitudinal  mean  and 
RMS  velocity  profiles,  measured  in  both  transverse  directions  y  and  z 
showed  indeed  that  the  properties  of  axisymmetry  are  well  established  in 
this  flow,  see  Ref.  [\\.  It  will  therefore  be  meaningful!  to  associate 
the  profiles  relative  to  the  three  velocir  components  U(y).  Vt(y)  and 
Vrlz).  Simultaneous  measurements  of  all  the  three  components  in  the 
same  tranwerse  direction  would  imply  the  use  of  a  three  dimensional  veio¬ 
cimeter  system.  Theee  measurements  are  planned  for  a  later  stage  of  this 
study  with  an  extended  version  o',  the  veiocimeter. 

The  profiles  of  the  three  mean  velocity  components  U.  Vt  and 
Vr  measured  at  the  location  x  *  200  mm  are  given  in  figure  4  for  the  six 
different  values  of  the  pressure  gradient  parameter  0. 

The  undisturbed  configuration  (no  secondary  aspiration,  0*0) 
yields  for  the  longitudinal  component  U  an  almost  uniform  velocity 
profile  except  ir.  the  viscous  core  near  tha  axis  and  in  ths  external  flow 
region  where  the  tracks  of  the  vortex  sheets  ere  clearly  evidenced.  The 
tenpmsal  velocity  profile  shows  e  behavior  typical  for  a  potential  vortex, 
except  in  the  region  near  the  axis  where  viscous  effects  predominate.  The 
radial  component  is  for  this  case  approximately  zero,  justifying  the  appro¬ 
ximation  of  Quasi  cylindrical  flow. 

For  a  moderate  compression  rate  <0  *  0.008),  the  vortex  wake 
remains  stable  m  the  that  the  U  profile  undergoes  only  a  slight 

reduction  without  changing  its  form  and  that  the  tangential  velocity  pro¬ 
file  remains  approximately  invariant. 

For  higher  values  of  0,  the  flow  can  no  longer  sustain  the  exter¬ 
nally  imposed  preaure  rise  and  the  vortex  breaks  down.  This  fact  is  clearly 
evidenced  in  figure  4  by  the  deep  defect  appearing  in  the  longitudinal 
velocity  profile*  near  the  exit  and  by  the  concomitant  decrease  of  the 


angular  velocity.  The  redial  component  remains  negligibly  small  in  the 
central  region  where  the  vortex  is  destabilized,  but  increases  noticeably  in 
the  outer  field  when  0  grows.  This  is  a  consequence  of  the  increasing 
divergence  of  the  flow  for  higher  aspiration  rates.  For  the  two  highest 
values  of  0,  the  longitudinal  velocity  component  becomes  negative  in  the 
center  of  the  wake  due  to  the  formation  of  a  bubble  with  recirculation 
flow.  The  tangential  component  is  there  approximately  zero. 

Laser  sheet  visualizations  have  shown  that  the  destabilization 
process  is  sccompegnied  by  a  strong  helical  distortion  of  the  vortex 
core  with  the  helix  diameter  growing  when  the  pressure  gradient  is  in¬ 
creased  (See  Ref.  [1]).  This  results  in  a  strong  radial  expension  of  the 
dissipative  region  as  indicated  by  the  velocity  profiles  of  figure  4.  High 
speed  cinematography  has  revealed  that  this  process  is  highly  turbulent. 

This  feet  is  clearly  evidenced  by  the  profiles  of  the  three  normal 
stresses  presented  on  figure  5.  The  rapid  expansion  of  the  turbulent  zone 
with  increasing  0  corresponds  to  that  of  the  velocity  defect  appearing  in 
the  profiles  of  figure  4  a.  The  individual  stresses  show  typical  differences 
in  so  far  as  those  relative  to  the  tangential  and  to  the  radial  velocity  com¬ 
ponents  tend  to  become  rather  flat  for  growing  destabilization,  whereas 
the  longitudinal  stress  profiles  show  very  distinct  peaks  of  increasing  level 
reaching  twice  that  on  the  axis.  The  position  of  the  peeks  corresponds 
roughly  to  the  maximum  slope  of  the  mean  velocity  profiles  (Fig.  4a). 
Figure  5  shows  further  that  the'vT1  stresses  expand  farther  radially  then 
the  vt3  stresses  end  that  on  the  center  of  the  vortex  the  three  normal 
stresses  are  of  the  same  order  of  magnitude  (corresponding  to  a  RMS  level 
with  req>ect  to  U0  of  roughly  20  %) . 

If  axial  symmetry  is  assumed,  the  turbulent  energy  E  can  be 
deduced  directly  from  the  normal  stresses  of  figure  5.  Its  distribution 
along  the  horizontal  direction  is  given  on  figure  6  (with'v]T  taken  from 
the  vertical  exploration).  The  evolution  of  this  quantity,  which  is  of  cen¬ 
tral  importance  in  turbulence  modeling,  shows  roughly  the  same  beha¬ 
viour  during  the  destabilization  process  as  that  of  the  individual  stresses 
previously  discussed. 

Only  two  of  the  three  off -diagonal  terms  of  the  Reynolds  stress 
tensor  are  available  from  the  present  laser  veiocimeter  measurements. 
The  longitudinal-tangential  velocity  correlation  uvt  is  obtained  from 
the  horizontal  exploration,  whereas  the  longitudinal-radial  velocity  corre¬ 
lation  uvr  results  from  the  vertical  one. 

The  uvr  profiles  of  figure  7  a  are  representative  of  axtsymmetrical 
wake  type  flows,  whereas  the  uvT  stresses  are  zero  in  non  rotating  flows. 
Both  stresses  expend  radially  with  increasing  destabilization  conditions  in 
the  same  manner  as  was  shown  for  the  normal  stresses.  The  shear  stress 
to  energy  ratio  reaches,  at  the  locations  of  maximum  shear  stress,  values 
of  about  0.3  for  u7r  and  of  about  0.2  for  uvT.  A  slight  lack  of  axial 
symmetry  can  be  observed  for  both  quantities  although  the  mean  velo¬ 
city  profiles  ere  apparently  symmetric.  This  can  be  due  in  pert  to  the 
strong  mutual  contamination  of  the  two  transverse  components  Vr  and  V, 
if  the  horizontal  or  vartical  explorations  do  not  go  exactly  through  the 
center  of  the  vortex. 

Fiow  B.  In  contrast  to  flow  A,  only  one  destabilized  vortex  confi¬ 
guration  has  been  investigated.  However,  the  measurements  can  be  made 
here  in  a  more  extended  domain  including  regions  upstream  and  down¬ 
stream  of  the  breakdown  position.  Explorations  have  been  done  in  the  lon¬ 
gitudinal  (x)  direction  on  the  axis  of  the  vortex  wake  as  well  as  in  the 
horizontal  (y)  and  vertical  (z)  directions  for  several  longitudinal  positions. 

Figure  8  shows  the  axial  evolution  of  the  mean  velocity  U  and 
the  RMS  values  relative  to  the  longitudinal  and  transverse  components.  As 
in  flow  A,  breakdown  is  characterized  by  a  rapid  decrease  of  the  mean 
velocity  on  the  axis.  The  initial  value,  about  twice  the  free  stream  velocity, 
is  much  higher  than  in  flow  A.  A  bubble  is  formed  downstream  of  the 
breakdown  position,  as  evidencad  by  ntgativa  axial  velocities. 

The  rapid  decrease  of  the  mean  velocity  is  accompanied  by  a  sharp 
increase  of  the  longitudinal  fluctuation  intensity  whereas  the  vertical  fluc¬ 
tuation  decreases.  In  the  bubble  both  RMS  values  are  approximately 
of  the  same  magnitude  (as  was  observed  in  flow  A  I,  of  the  order  of 
0.35  U0 .  The  particular  behaviour  of  both  fluctuations  in  the  breakdown 
region  can  be  qualitatively  explained  from  the  joint  probability  density 
function  (JPDF).  Computer  plotted  contours  of  the  JPDF  in  the  U.  W- 
plane  are  shown  in  figure  9  for  the  three  axial  positions^,  (2)  and  (j). 
In  the  upstream  section  ©  only  positive  U-values  occur,  whereas  two 
peeks  A  and  A'  are  evident.  Their  symmetrical  positions  with  resoect  to 
the  U-exis  suggest  the  existence  of  small  fluctuations  ofrjr  vortex  as  a 
whole,  which  could  explain  the  relatively  high  level  of  v wT  before  break¬ 
down. 

In  the  breakdown  region  ( section  (j)),  the  plots  clearly  show  the 
existence  of  an  intermittent  state  between  two  i  smct  flow  configura¬ 
tions,  the  first  correspond  ing  to  the  upstream  positir  r  j),  the  second  to 
the  downstream  portion  (3).  This  strongly  intermittent  state  explains 
the  high  level  of  vu*  shown  in  figure  8. 

In  the  donstream  section  (?)  .  the  single  peaked  JPDF  ndicates 
a  non  intermittent  state,  with  a  negative  mean  value  for  U.  Moreover, 
the  RMS  values  with  respect  to  U  and  W  are  of  the  same  order,  as  shown  in 


figure  8.  The  longitudinal  and  vtrticai  mean  velocity  profiles  a re  given  in 
figure  10  for  the  four  sections  ©  to  ©indicated  in  figure  8.  The  vertical 
component  can  be  interpreted  as  in  flow  A,  as  the  tangential  velocity 
provided  axial  symmetry  is  assumed.  The  profiles  show  typical  evolutions 
for  destabilized  vortex  flows,  analogous  to  thosa  shown  in  figure  4  for 
flow  A.  However,  it  must  be  noted,  that  the  initial  profiles  (section  ©, 
x  *  1 80  mm  I  are  quite  different  from  those  of  case  A  :  a  higher  overspeed 
on  the  axis  for  U  and  a  flatter  evolution  for  Vt.  These  characteristics  are 
typical  of  Euler  vortices  generated  by  delta  wings  [1  ]  [2]. 

The  profiles  of  the  RMS  values  for  the  three  velocity  components 
are  given  in  figure  11.  In  contrast  to  figure  5.  very  high  levels  ere  obtai¬ 
ned  in  the  region  of  breakdown  (section©,  x  *  230  mm  end  section©, 
x  *  260  mm}.  This  is  due  to  the  high  degree  of  instetionarity  of  the  break¬ 
down.  Only  in  section©the  profiles  become  more  regular  and  qualitatively 
similar  to  those  of  flow  A  (Fig.  5). 

The  profiles  of  the  velocity  correlation  u  vt  ere  given  in  figure  12. 
As  in  figure  7,  they  ere  approximately  antisymmetrical  and  u  vt  has  the 
same  sign  as  Vt,  except  in  the  region  near  the  axis.  As  for  the  RMS  values, 
very  high  levels  are  obtained  in  the  sections  nearest  to  breakdown. 

The  formation  of  both  vortax  flows  results  from  spirally  rolling-up 
of  the  vortex  sheets  issued  from  the  vortex  generators.  This  leads  to  a 
more  or  less  stratified  structure  of  the  flow,  as  can  be  seen  from  smoke 
visualizations,  especially  in  undisturbed  vortex  configurations.  A  detailed 
exploration  of  section  ©  upstream  of  the  breakdown  position  has  been 
done  in  order  to  construct  lines  of  equal  mean  and  RMS  values  m  the  y-z 
plena  end  to  characterize  the  properties  of  axisymmetry  for  this  flow. 
Figure  13  shows  that  the  highest  RMS  values  are  located  at  the  center  of 
the  vortex  end  that  a  ridge  of  locally  high  values  proionges  the  track  of 
the  wake  issued  from  the  trailing  edge  of  the  wing.  The  rolling  up  of  the 
sheet  which  can  be  easily  recognized  on  this  figure,  is  similar  to  that 
given  by  the  visualizations  (see  Ref.  [1  ]  and  figure  14). 

CONCLUDING  REMARKS 

The  mean  and  turbulent  velocity  fields  of  two  different  vortex 
flows  have  been  investigated  by  laser  a  nemo  me  try ,  under  destabilizing 
conditions  produced  by  adverse  pressure  gradients.  The  two  flow  configu¬ 
rations  present  close  similarities  so  far  as  the  general  features  of  the 
dKtabiUtattan  are  concerned  .  breakdown  originates  in  both  flows  in  the 
region  dose  to  the  axis,  with  the  axial  velocity  and  the  rotation  rate 
decreasing  rapidly  and  with  e  strong  increase  of  turbulence  production. 
Fundamental  differences  between  the  two  flows  lie  in  the  internal  struc¬ 
ture  of  the  vortex  wakes  as  a  result  of  the  distinct  generation  modes,  in 
the  vortex  strength  which  is  higher  with  the  delta-wing  generator  and  in 
the  abruptness  of  the  destabilization  process,  which  is  more  pronounced 
in  flow  case  B.  This  destabilization  results  in  a  highly  instable  character 
of  flow  B  with  much  higher  RMS  levels.  The  same  trend  can  be  observed 
from  previously  published  results ;  compere  for  instance  Ref.  [3]  con¬ 
cerning  the  tip  vortex  and  Ref.  [4]  for  the  leading  edge  vortex. 

Flow  8  will  be  used  further  for  studying  the  breakdown  conditions 
for  different  flow  parameters  (vortex  strength  and  adverse  pressure  gra¬ 
dient)  end  for  working  out  practical  breakdown  criteria.  The  ^stationary 
character  of  breakdown  will  be  more  thoroughly  investigated  by  means  of 
conditional  sampling  techniques.  Flow  A,  which  is  more  stable,  will  be 
used  for  more  fundamental  studies  of  the  turbulence  structure  and  of  the 
influence  of  the  rotation  on  turbulence.  The  results  given  here  for  both 
flows  should  be  considered  only  as  the  first  step  of  a  more  exhaustive 
study  on  the  general  topic  of  turbulent  flows  with  strong  effects  of 
rotation. 
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Fig.  1  -  Schematic  of  vortex  flow  A. 
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Fig.  2  -  Evolution  of  the  static  pressure  in  the  outer  flow  (flow  A). 
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Fig.  3  -  Schematic  of  vortex  flow  B. 
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ABSTRACT 

In  order  to  clarify  tbe  periodic  structure  in  the 
near  field  and  the  turbulent  eddy  structure  in  the  far 
field  of  the  intersecting  cruciform  circular  cylinder 
wake,  tbe  detailed  measurements  have  been  performed  on 
the  statistical  characteristics  such  as  one-point  and 
two-point  time  correlations,  power  spectra,  triple 
velocity  correlations  and  probability  density  profiles. 

The  experimental  results  are  sunnarlzed  as  follows  : 
The  quasi  periodicity  of  the  fluctuating  velocity  appears 
to  different  degrees  at  the  different  locations  in  the 
cross  section  of  the  near  wake  field,  and  isn't  found  at 
the  wake  center.  The  turbulent  large  eddy  structure 
conjectured  from  the  contours  of  the  space-time  correla¬ 
tion  is  markedly  different  at  each  location  in  the  cross 
section,  and  its .decay  rate  is  also  slower  at  the  center 
of  the  quasi  two-dimensional  region  than  at  tbe  wake 
center.  The  magnitude  of  triple  velocity  correlation 
profiles  on  the  bisector  has  the  same  order  as  that  of 
the  two-dimensional  wake,  but  some  of  the  shapes  are 
significantly  different. 

NOMENCLATURE  (  see  Fig. 1  ) 

x  :  distance  in  the  streaanrise  direction  from  the 
origin  of  the  cruciform  circular  cylinder 
y,z  :  distances  along  two  cylinder  axes  from  the 
origin  respectively 

y',z'  :  distances  along  the  bisector  of  y«  z  and 
normal  to  the  bisector  from  the  origin 
respectively 

rx.*y*rz  :  distances  between  the  fixed  probe  position  and 
the  moved  probe  position  in  x,  y  and  z  direc¬ 
tions  respectively 
d  :  diameter  of  circular  cylinder 
by'  :  half-width  for  the  bisector 
lu  :  integral  length  scale 
\  :  Taylor's  micro  scale 
le  :  Kolmogrov's  dissipative  scale 
t  :  arbitrary  tin* 

T  :  time  delay 

U  :  mean  velocity  in  x  direction 
:  free  stream  velocity 
Ud  :  •seen  velocity  defect  (  Ud  ■  U]_-U  ) 

Udo  :  mean  velocity  defect  at  the  wake  center 
u,v,v  :  fluctuating  velocity  components  in  x,  y  and  z 
directions  respectively 

v',w'  :  fluctuating  velocity  components  in  y'  and  z' 

_  directions  respectively  _  _ 

(1/2  )q*  :  turbulent  kinetic  energy  (  q1  +  v*  tv2  ) 
Rw.»w,Rw,Ry'v'  .Rw'V  :  one-point  auto  correlation  coef¬ 
ficients  of  u-,  v-,w-,v'-  and  w'-fluctuating 
velocities  respectively 

Ruv.RuV'  :  one-point  cross  correlation  coefficients 

between  u-  and  v- fluctuating  velocities  and 
between  u-  and  v' -fluctuating  velocities 
respectively 


E  :  power  spectra  of  fluctuating  velocity  components 
S  :  skewness  factors  of  fluctuating  velocity 
components 

F  :  flatness  factors  of  fluctuating  velocity 
components 

u  :  kinematic  viscosity  of  air 


INTRODUCTION 


The  intersecting  cruciform  circular  cylinder  which 
consists  of  two  effectively  long  cylinders  being 
perpendicular  to  one  another,  produces  the  complex  flow 
field  due  to  the  three-dimensional  interference  of  each 
intersecting  cylinder  wake  (  Fig.l  ). 

This  three-dimensional  flow  interference  is  closely 
related  to  various  flow  fields  of  fluid  engineering,  for 
example  the  flow  around  heat  exchanger,  on-shore  and  off¬ 
shore  structures.  Damping  screens  formed  from  Interwoven 
wires  are  also  utilized  as  a  means  to  generate  isotropic 
turbulence .  • 

With  respect  to  the  turbulent  wake  of  an  intersect¬ 
ing  cylinder  and  two  cylinders  forming  a  cross,  the  mean 
velocity  profiles  were  investigated  by  yxafloBaCll  for  the 
turbulent  wake  behind  an  intersecting  cruci'-rm  circular 
cylinder  with  the  finite  length.  His  turbulent  wake 
approximates  to  the  axisymmetric  wake  with  increasing 
the  streamwise  distance.  While,  the  pressure  distribu¬ 
tion  on  the  surface  of  two  circular  cylinders  forming  a 
cross  was  measured  by  ZdravkovichC2] ,  and  the  variation 
of  local  drag  coefficient,  base  pressure  and  Strouhal 
number  along  the  span  of  two  cylinders  were  discussed. 

The  strong  secondary  flows  on  the  surface  behind  tbe  up¬ 
stream  cylinder  and  in  front  of  the  downstream  cylinder 
were  also  visualized  by  using  the  oilfilm  technique. 

A  series  of  experiments  on  the  turbulent  wake  behind 
an  intersecting  cruciform  circular  cylinder  with  effec¬ 
tively  infinite  length  have  been  dealt  with  by  present 
authors C3U ~ C5J.  These  results  showed  that  the  decay 
rate  of  the  center  line  defect  velocity  was  considerably 
slower  than  that  found  in  either  two-dimensional  or 
axisymmetric  wakes  and  that  even  far  downstream  the  wake 
did  not  behave  as  a  simple  superposition  of  two  perpen- 


Fig.l  Configuration  of  flow  field 


Correlation  Coefficients  for  near  wake 


dicular  two-dimensional  wakes,  as  Inferred  from  Fig. 2 
C33,  CU 3 .  In  addition,  present  authors  found  that  the 
diffusion  term  of  this  wake  was  different  from  that  of 
a  two-dimensional  wake  for  the  turbulent  energy  budget, 
and  that  there  existed  the  eight  streamwise  vortices 
which  were  symmetric  with  respect  to  the  geometrical 
symmetric  plane  of  this  wake.  Some  unsolved  problems  of 
the  turbulent  wake  behind  an  intersecting  cruciform 
circular  cylinder  are  the  turbulent  eddy  structure,  the 
feature  of  the  large  eddy  structure  and  the  behavior  of 
vortex  shedding  from  this  obstacle;  the  former  dominates 
the  transport  of  momentum  and  the  higher-order  velocity 
correlation  controles  the  configulation  of  diffusion 
transport,  while  the  latter  acts  on  the  flow- induced 
vibration. 

The  aims  of  this  paper  are  to  examine  the  periodic 
structure  of  this  three-dimensional  wake  in  the  near 
field  and  the  detail  of  the  turbulent  eddy  structure  in 
the  downstream  region  where  the  present  wake  is  hardly 
affected  by  the  pronounced  periodic  velocity  fluctuation 
due  to  the  vortices  shed  from  the  cruciform  cylinder, 
through  the  measurements  of  various  statistical  quantities. 
The  measured  quantities  were  one-point  and  two-point 
time  correlations,  power  spectra,  triple  velocity 
correlations  and  probability  density  profiles. 

EXPSt  MENTAL  APPARATUS  AND  TECHNIQUES 

The  wind  tunnel  used  in  this  experiment  has  a 
working  section  of  0.4  m  square  and  about  4  m  long  C33. 

The  intersecting  cruciform  circular  cylinder  consists  of 
two  sufficiently  long  brass  cylinders  of  5  mm  in 
diameter.  The  ratio  of  half  length  to  diameter  is  Uo. 

The  configuration  of  the  flow  field  and  nomenclature  are 
shown  in  Fig.l. 

The  measurement  of  the  mean  and  fluctuating 
velocities  of  the  crisscross  turbulent  wake  under  a  zero- 
pressure  gradient  has  been  made  with  using  a  constant 
temperature  hot  wire  anemometer  with  I-type  or  X-type 
probes.  A  X-type  probe  was  used  for  the  measurement  of 
one-point  statistical  quantities  such  as  triple  velocity 
correlations,  power  spectra  and  probability  density, 
profiles.  On  the  other  hand  for  the  measurement  of  the 
two-point  statistical  quantities  such  as  space-time 
correlations  between  two  separated  points,  two  I-type 
probes  were  employed.  The  value  of  turbulent  intensities 
was  read  directly  from  rms  meter  and  the  triple  velocity 
correlations  were  obtained  from  an  analogue  circuit  with 
an  integrator.  The  difference  of  the  output  voltage  of 
the  analogue  circuit  to  the  input  one  was  not  larger 
than  10  %  and  the  phase  shift  between  the  input  signal 
and  the  output  can't  be  found  in  the  frequency  band 
below  10  kHz.  For  the  measurement  of  one-  and  two-point 
time  correlations,  power  spectra  and  probability  density 
profiles,  a  san-ei  7T08  digital  correlator  was  employed. 
Reynolds  number,  Rd  *  Urd/v  was  kept  to  be  constant  at 
I*  x  10 3  for  all  tests. 

EXPERIMENTAL  RESULTS  AND  DISCUSSIONS 


It  is  generally  known  that  the  turbulent  fluctuat¬ 
ing  velocity  for  near  wake  involved  the  contribution  of 
the  quasi  periodic  fluctuating  component  due  to  the 
vortex  shedding  from  a  bluff  body.  Fig. 3  shows  the  auto 
correlation  coefficients  of  u-fluctuating  velocity  at 
various  positions  in  the  section  of  x/d*3. 

The  contribution  of  the  quasi  periodic  fluctuating 
velocity  appears  in  graphs  of  Ruu  taken  both  on  the 
bisector  and  on  the  cylinder  axis  away  from  the  wake 
center,  while  not  at  the  wake  center  region.  This 
suggests  that  the  vortex  lines  of  the  vortices  shed  from 
the  present  cruciform  circular  cylinder  have  the  shape 
like  the  broken  line  as  described  in  Fig. 3. 

Figs. 4(a)  and  (b)  show  the  streamwise  variation  of 
the  auto  correlation  coefficients  along  both  the  wake 
center  line  and  the  center  line  in  the  quasi  two- 
dimensional  region. 

In  the  whole  range  along  the  wake  center  line  the 
contribution  oj  the  quasi  periodic  fluctuating  velocity 
can  not  be  found.  While,  in  the  quasi  two-dimensional 
region  the  periodicity  in  the  auto  correlation  curve  is 
clearly  observed  within  the  range  of  about  x/d  *  20. 

The  contribution  of  the  quasi  periodic  fluctuating 
velocity  becomes  also  gradually  smaller  as  x  increases. 

It  is,  usually,  assumed  that  the  rate  of  reduction 
of  each  fluctuating  velocity  component  differs  from  one 
another.  Fig. 5  shows  the  auto  correlation  coefficients 


Fig. 3  Auto  correlation  coefficients  monitored  at  the 
section  of  x/d  »  8 


Fig. 2  Contours  of  the  mean  velocity 
and  the  turbulent  kinetic 
energy  (  x/d «  296.5) 


Fig.  4  Streamwise  variation  of  auto  correlation  coefficients;  (a)  along 
the  wake  center  line,  (b)  along  the  center  line  in  the  quasi  two- 
dimensional  region 
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Fig. 5  Auto  correlation  coefficients  of  fluctuating 

velocity  components  at  the  section  of  x/d  •  30.5 


Fig. 7  Space-time  correlation  coefficients  along,  the 

center  line  in  the  quasi  two-dimensional  region: 
Fixed  probe  position;  (a)  x/d*30.5,  (b)  x/d«296.5 


value  of  the  dissipation  scale  is  extremely  small.  Both 
behaviors  of  the  micro  scale  and  the  dissipation  scale 
hardly  vary  along  the  bisector  and  the  cylinder  axis 
respectively,  and  the  value  of  each  turbulent  scale  almost 
equal  both  on  the  symmetric  planes.  It  is  very  interested 
that  the  spatial  variation  of  the  turbulent  large  eddy 
scale  does  not  affect  to  the  scale  of  the  small  eddies 
such  as  X  and  k  as  shovn  in  ?ig.9. 

The  turbulent  eddy  structure  can  be  understood  by 
the  one-dimensional  pover  spectrum  analysis,  which  is  one 
of  the  simple  methods.  Figs. 11(a)  and  (b)  show  the  pover 
spectrum  of  each  fluctuating  velocity  component  both  on 
the  bisector  and  on  the  cylinder  axis  defined  as  following 
equation, 

Xz  *  • 

where  x  is  each  fluctuating  velocity  component  and  k  is 
wave  number  (  k»  2rrf/U  ).  The  profiles  of  Euu/u1  have 


Fig. 11  One-dimensional  power  spectrum  densities  of 
fluctuating  velocity  components ;  (a)  in  the 
bisector,  (b)  in  the  cylinder  axis 


almost  the  same  shape  at  i  locations  along  the  bisector 
and  the  cylinder  axis.  The  inertia  subrange  for  the 
present  wake  exists  in  the  range  of  l£kS10  which  is  close 
to  that  of  the  two-dimensional  wake  in  Rd“ **320  C83,  and 
this  wave  number  range  is  shifted  toward  the  high  wave 
number  side  compared  with  that  of  the  outer  region  in  the 
turbulent  bounda^r  layer  (  0. 5  i  k  i  5  )  C91.  Both  inertia 
subrange  of  Etv/t*  and  Bw/v*  at  all  locations  along  the 
cylinder  axis  have  the  nallov  range  and  these  spectra 
also  have  the  high  power  in  the  high  wave  number  side 
compared  with  the  profile  of  Euu/u*-  The  profiles  of 
Ev'v'  /v**  and  Ew'v"  /w’"5  at  any  locations  along  the 
bisector  have  roughly  the  seme  feature  as  Ew/v^  and 
Svv/v2  described  above.  But,  as  the  location  approaches 
to  the  main  stream,  the  power  in  the  low  wave  number  side 
becomes  large  as  well  as  in  the  case  of  the  equilibrium 
boundary  layer  C103. 

Triple  Velocity  Correlations  and  Distortion 
of  Turbulent  Eddy 

The  significance  of  the  diffusion  term  in  the  turbu¬ 
lent  kinetic  energy  budget  was  pointed  out  for  the  turbu¬ 
lent  wake  behind  an  intersecting  cruciform  circular 
cylinder  by  present  authers  C51.  In  addition,  the  data 
on  the  triple  velocity  correlation  profiles  may  be  ex¬ 
pected  to  play  a  significant  role  to  establish  the  turbu¬ 
lent  prediction  method  for  the  three-dimensional  turbu¬ 
lent  wakes.  The  diffusion  transport  terms  are  estimated 
from  the  gradient  of  the  triple  velocity  correlation 
profiles.  Fig. 12  shows  the  triple  velocity  correlation 
profiles  on  the  bisector  in  the  section  of  x/d«  386.5. 

In  the  figure,  the  results  of  the  two-dimensional  wakeCUI 
represented  by  broken  line  are  nondimensionalized  by 
multiplying  the  ratio  of  Ud2/^do  “  obtained  for  the 
present  wake,  and  take  the  same  order  of  the  magnitude  as 
those  on  the  bisector  in  the  present  wake.  This  means 
that  the  magnitude  of  the  triple  velocity  correlation 
coefficient  on  the  bisector  has  the  same  order  as  that  of 
the  quasi  two-dimensional  region,  although  the  velocity 
defect  at  the  wake  center  is  larger  than  that  at  the 
center  in  the  quasi  two-dimensional  region.  The  positions 


Fig. 12  Triple  velocity  correlation  profiles  in  the  bisector 
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of  the  skewness  and  flatness  factors  os  the  bisector  is 
roughly  similar  to  those  of  the  two-dimensional  wake  013 
as  veil  as  in  the  case  of  the  mean  velocity  profile. 


fig  .13  Skewness  factor  profiles  in  the  bisector 
and  the  cylinder  axis 


Fig.lk  Flatness  factor  profiles  in  the  bisector 
and  the  cylinder  axis 


of  the  maxlmim  and  minimum  peaks  for  the  every  velocity 
correlation  profile  are  shifted  towards  outer  edge  of  the 
wake  compared  with  those  for  the  two-dimensional  wake. 

Both  profiles  of  Vu2  and  v1  are  markedly  different  from 
those  for  the  two-dimensional  wake  respectively,  but 
almost  agree  with  each  other  on  the  bisector  for  the 
present  wake. 

Turbulent  diffusion  transport  is  associated  with  the 
distortion  of  the  turbulent  large  eddy.  The  distortion 
of  the  eddy  may  exhibit  Itself  in  the  profiles  of  the 
probability  density  function  of  each  fluctuating  velocity. 
Figs. 13  and  lk  show  the  skewness  and  the  flatness  factors 
both  on  the  bisector  and  on  the  cylinder  axis  defined  as 
following  equations, 

s(x)» £xVx)«x/  c/Vp(x)dX3*/l 

F(x)“  A*p(x)ax/  c/yp(x)dx3j 

respectively,  where  p(x)  1*  the  probability  density  func¬ 
tion  for  each  fluctwtlng  velocity  component.  The  values 
of  S(u)  and  3(v" )  are  negative  and  positive  in  the  range 
of  y'/ by'  •  1-2  respectively  and  then  S(w')  is  about  zero 
everywhere  on  the  bisector,  as  well  as  S(u),  S(v)  and  S(v) 
on  the  cylinder  axis. 

It  may  be,  thus,  said  that  the  turbulent  large  eddy  on 
the  cylinder  axis  hardly  have  the  spatial  distortion. 

The  flatness  factors  of  every  fluctuating  velocity 
component  on  the  bisector  are  larger  than  the  value  of 
three  la  the  range  of  y'/'bf  »1~2,  while  they  are  zero 
everywhere  on  the  cylinder  axis.  The  profile  behavior 


COHCUJSIOHS 

The  turbulent  eddy  structure  and  various  statistical 
quantities  of  the  turbulent  wake  behind  an  Intersecting 
cruciform  circular  cylinder  were  examined.  The  main 
results  can  be  summarized  as  follows  : 

(1)  The  quasi  periodic  fluctuating  velocity  due  to  the 
vortex  shedding  from  a  cruciform  circular  cylinder 
appears  to  different  degrees  at  the  different  locations 
in  the  cross  section,  and  is  not  found  at  the  wake  center. 
The  magnitude  of  the  contribution  to  the  various  turbu¬ 
lent  quantities  depends  on  each  fluctuating  velocity 
component . 

(2)  The  ratio  of  the  turbulent  kinetic  energy  in  the 
large  eddy  to  total  energy  is  almost  equal  everywhere  in 
the  section  of  x»  const.,  but  is  larger  in  the  downstream 
region  than  in  the  upstream  region.  The  decay  rate  of 
large  eddy  is  slower  in  the  downstream  region  than  in  the 
upstream  region,  and  also  slower  at  the  center  of  the 
quasi  two-dimensional  region  than  at  the  wake  center. 

(3)  The  turbulent  eddy  structure  conjectured  from  the 
contours  of  the  space-time  correlation  is  markedly  dif¬ 
ferent  at  each  location  in  the  cross  section. 

(k)  The  magnitude  of  triple  velocity  correlation 
profiles  on  the  bisector  has  the  same  order  as  that  of 
the  two-dimensional  wake,  but  some  of  the  shapes  are 
significantly  different.  The  profiles  of  the  skewness 
and  the  flatness  factors  on  the  bisector  are  almost 
similar  to  those  of  the  two-dimensional  wake,  while  the 
skewness  and  the  flatness  factors  are  zero  and  three 
everywhere  on  the  cylinder  axis  respectively. 
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ABSTRACT 

A  sharp  edged  spoiler-  increases  the  deflection 
angle  of  a  curved  turbulent  well  jet  significantly.  The 
spoiler  creates  a  large  negative  pressure  gradient 
3p/3x  at  the  well  at  the  end  of  the  channel  which 
"relaninarizea"  the  turbulent  wall  boundary  layer  in 
this  region.  This  efface  occurs  only  for  spoiler 
heights  above  a  certain  value  and  Reynolds  numbers 
below  a  certain  critical  value.  A  discussion  of  Che 
streamsise  component  of  the  turbulent  Navier-Stokes 
equation  in  orthogonal  cartesian  coordinates  for  two- 
dimensional  flow  with  wall  boundary  conditions  shows 
chat  in  the  present  case  the  "ordinary"  turbulent  wall 
jet  separates  sure  easily  chan  a. wall  jet  with  a 
"laminar"  wall  region. 

INTRODUCTION 

If  a  wall  jet  is  deflected  by  a  curved  wall  or 
a  number  of  straight  walls,  the  deflection  angle  in¬ 
creases  in  general  with  the  ratio  of  the  wall  radius 
R  •  constant  to  the  height  h  of  che  nozzle  or  duct 
exit  within  a  cercain  range  of  ratios  R/h.  Investiga¬ 
tions  of  such  flow  configurations  have  bean  made  for 
azas^le  by  KSster/LShr  (1964),  Fernholz  0  965,  1967), 
Guitton  (1970),  Wilson/Goldatein  (1976)  and  Alcaraz 
(1977).  Apart  from  Fernholz  and  K2ster/L3hr  che  authors 
have  used  configurations  with  ratios  R/h  >  15  which  are 
often  not  suitable  for  technical  applications  which 
need  smaller  ratios.  Examples  are  devices  for  the 
deflection  of  jets  of  aeroplane  curbinea  for  che  in¬ 
crease  of  life  at  take  off  and  landing  (Englar  (1973), 
Skavdahl  et  al.  (1974)). 

If  one  decreases  che  ratio  R/h  to  a  value  of  about 
3  che  wall  jet  is  deflected  for  20*  -  30*  which  is  not 
sufficient  for  che  applications  mentioned  above.  For 
those  cases  one  must  use  special  devices  to  increase 
che  deflection  angle. 

In  che  present  experiment  che  ratio  R/h  is  only 
2.22.  As  Fernholz  (1965)  shoved  significant  wall  jet 
defleccion  can  be  obtained  1,  means  of  a  sharp-edged 
spoiler  which  is  inserted  at  the  side  of  che  duct  exit 
facing  che  curved  wall  (here  a  circular  cylinder).  Ac  a 
certain  height  of  the  spoiler  che  wall  jet  is  deflected 
by  as  each  as  180*.  The  aim  of  this  experiment  has  been 
to  investigate  che  influence  of  che  spoiler  on  the 
deflection  of  the  wall  jet  and  the  turbulence  structure 
of  the  flow  which  is  dramatically  changed  in  che 
vicinity  of  the  wall  by  relaminarizacion  for  certain 
spoiler  heights  and  Reynolds  numbers. 

TEST  RIG  AND  PROBES 

The  test  rig  is  shown  in  Fig.  1.  The  air,  blown  by 
an  electronically  controlled  radial  fan  (i  1  rpm)  and 
fileared  at  che  air  incase,  passed  a  honeycomb  and  two 
screens  and  entered  a  slightly  contracting  duct  with  a 
subsequent  seraighc  section.  The  cylinder  made  from  PVC 
had  a  radius  of  R  «  157,5  mm,  the  height  between  che 
end  places  was  B  ■  490  am,  and  the  height  at  che  duct 


exic  was  t-  »  71  m,  providing  a  jet  aspect  ratio  of  7. 
Three  more  endplates  were  arranged  downstream  in  a 
staggered  formation  inside  the  main  endplates  mentioned 
above  so  chat  each  auxiliary  endplace  cut  off  che  boun¬ 
dary  layer  formed  i mediately  upstream  reducing  the 
aspect  ratio  to  5  in  the  downstream  part  of  the  flow. A 
similar  device  was  used  by  Guitton  (1970)  to  suppress 
three-dimensional  effects  in  the  flow  field  (cf.  sec¬ 
tion:  Two-Dimensionality). 

From  the  opposite  side  of  the  cylinder  a  sharp 
edged  spoiler  extended  into  the  flow.  The  height  of  the 
spoiler  could  be  varied  from  zero  to  15  mm. 

The  probes  used  could  be  positioned  at  each  point 
of  the  cylinder  within  an  accuracy  of  0.02  mn  in  the 
y-direction  (Vagt/Fernholz  (1979)).  The  mean  and  fluc¬ 
tuating  velocities  were  measured  by  normal  hot-wire 
probes  and  x-wire  probes  (driven  in  the  CT-method)  which 
are  described  in  detail  by  Dahm/Vagc  (1977)  and  Hartmann 
(1982).  Wall  shear  stresses  were  measured  by  Preston 
cubes  with  different  diameters  and  DISA  hoc  films  which 
were  calibrated  in  a  turbulent  boundary  layer  wich 
3p/3x  ■  0  with  Preston  tubes.  Static  wall  pressures- were 
measured  by  wall  cappings  having  a  diameter  of  0.6  mm. 

All  measurements  (except  those  described  in  the 
section:  Two-Dimensionality)  were  performed  along  che 
line  of  symmetry  of  the  cylinder.  The  results  of  che 
hot-wire  probes  were  noc  corrected.  The  maximum  mean 
velocity  in  the  wall  jet  was  about  25  m/s.  The  tempera¬ 
ture  of  the  flow  could  be  held  constant  to  t  0.2*  Celsius. 

RESULTS 


Two-dimensionality  of  the  flow  field 


As  pointed  out  by  Guitton  (1970)  it  is  very  diffi¬ 
cult  to  obtain  a  two-dimensional  curved  wall  jet  because 
a)  the  velocity  -  and  pressure  field  generated  by  che 
ventilator  may  be  dependent  on  the  z-coordinace  in  the 
duct  b)  the  duct  end  area  itself  has  irregularities  in 
its  geometry  c)  che  curved  flow  field  concains  secondary 
flows. 

Measurements  of  mean  velocity  profiles  at  different 
spoiler  heights,  x/h  *  0.17  and  z/B  •  t  0.16  showed  that 
in  this  region  che  velocity  field  was  independent  of  che 
z-coordinate. 

The  wall  shear  stress  is  a  good  indicator  for  the 
two-dimensionality  of  a  flow  field.  The  pressure  diffe¬ 
rence  (PpTescon~Pstac)  13  a  measure  for  che  wall  shear 
stress.  These  pressure  differences  were  measured  at 
different  spoiler  heighes,  circumferential  angles  and 
z-posicions  (Fig.  2).  The  higher  che  spoiler  insertion 
is  che  larger  is  che  region  around  che  symaecry  line 
which  shows  no  dependence  of  che  pressure  differences  on 
che  z-position.  E.g.  at  S  *  0  mm  this  region  extended  at 
x/h  «  0.5  from  z/B  -  -  0.1  to  z/B  ■  *  0.1,  at  S  •  5  ■ 
from  z/B  »  -  0.2  to  z/B  *  ♦  0.2  and  at  S  ■  10  am  from 
z/B«0  -  0.25  Co  z/B  ■  +  0.25.  For  S  «  10  mm  che  flow 
field  was  two-dimensional  from  z/B  ■  -  0.2  co  z/B  •  *0.2 
up  eo  angles  f  of  about  120*,  whereas  for  S  *  5  mm  the 


region  of  a  two-dimensional  flow  field  extended  at 
f  *  40*  only  from  z/B  ■  -  0.1  eo  z/B  »  ♦  0.1.  For 
S  *  10  ob  with  a  crip  wire  one  recognizes  a  slight  asym¬ 
metry  of  the  flow  field  at  ■f  •  40*.  So  one  may  conclude 
chat  the  wall  jet  was  two-dimensional  up  to  circumferen¬ 
tial  angles  of  about  120*  in  spanwise  direction  for 
about  t  ISO  m  off  the  line  of  symmetry  for  the  most 
extensive  investigated  spoiler  height  S  *  10  ms. 

To  support  these  results  an-4  to  gather  some  data 
about  the  secondary  flow  in  the  wall  jet  the  direction 
of  the  mean  velocity  vectors  at  wall  distances  of  about 
0. 1  ms  were  measured  for  different  boundary  conditions 
(Pig.  3).  For  S  ■  0  an  and  x/h  *  o.5  the  angle  is  zero 
in  the  region  -  0.2  £  z/B  £  +  0.2.  That  means  the 
velocity  component  9  is  also  zero.  Outside  of  this  region 
the  vectors  have  a  positive  9  for  negative  z/B  and  vice 
versa,  which  is  a  consequence  of  the  beginning  secondary 
flow.  For  S  *  5  ms  and  S  *  10  ms  at  x/h  •  0.5  no  influ¬ 
ence  of  che  secondary  flow  is  obvious  in  this  region. 

Only  at  x/h  •  1.5  for  S  »  5  mm  and  x/h  ■  5.78  for 
S  •  10  mm  (chat  means  at  angles  just  upstream  of  che 
separation  points  of  the  wall  jet)  che  measured  angles 
have  values  of  ±8*. 

Deflection  angles  and  static  wall  pressures 

As  mentioned  above  the  deflection  angle  of  a  curved 
curbulenc  wall  jet  with  constant  curvature  and  Reynolds- 
numbers  Re  •  10*  -  10s  is  about  180*  if  the  ratio  R/h 
does  not  fall  short  of  3  -  4.  In  the  present  case  the 
racio  R/h  is  2.22  so  chat  one  expects  a  deflection  angle 
of  nearly  zero.  This  may  be  seen  from  Fig.  4. 

For  S  *  0  am  the  deflection  angles  are  f*  30*  in  the 
investigated  Reynolds  number  region.  For  S  ■  7.5  mm  the 
deflection  angles  are  90*,  but  che  behaviour  of  the 
wall  jet  for  S  •  8.5  ms  is  essential:  there  is  a 
critical  Reynolds  number  (  8  •  10*).  Below  this  value 

che  deflection  angle  is  about  180*,  above  this  value  the 
angle  drops  dramatically  to  about  90*.  This  recalls  the 
two  kinds  of  flow  field  around  a  cylinder,  the  laminar 
boundary  layer  at  the  cylinder  below  che  threshold  and 
the  turbulent  boundary  layer  above  the  threshold. 

The  behaviour  of  che  wall  jet  for  S  *  8.5  mm  means 
(for  S  •  10  me  che  deflection  angles  are  "f*180*  indepen¬ 
dent  of  che  Reynolds  Number)  that  it  exists  a  drastic 
change  of  Che  flow  field  when  the  Reynolds  number  is 
altered,  and  that  this  is  connected  with  che  terms 
laminar-turbulent . 

The  next  experiment  confirms  this  presumption 
(Fig.  5).  A  trip  vire  with  a  diameter  of  1  mm  was  glued 
on  che  channel  aurfece  8  ms  upstream  of  the  cylinder. 

For  S  •  10  am  (the  deflection  angle  at  Re  ■  10s  was 
180*  without  che  crip  wire)  che  angle  dropped  to  f  «  75* . 
The  seam  happened  with  a  crip  wire  with  a  diaater  of 
2  mm.  The  condition  of  the  near  wall  region  of  the  wall 
jet  for  S  •  10  a  end  all  investigated  Reynolds  numbers 
fclso  for  S  •  8.5  mm  and  Re  <  8  •  10*)  at  the  beginning  of 
the  cylinder  was  lasunar  which  resulted  in  a  deflection 
angle  of  180*.  The  crip  wires  disturbed  che  laminar 
layer  for  S  *  10  a  and  caused  the  laminar-turbulent 
transition.  The  wall  jet  separated  at  about  75*  indepen¬ 
dent  of  che  diameter  of  che  wire. 

Ralaminarisacion  and  wall  shear  stresses 

The  results  of  the  foregoing  experiments  are:  for 
spoiler  heights  S  £  7.5  am  the  near  wall  region  of  the 
wall  jet  at  the  beginning  of  the  cylinder  is  turbulent. 
The  deflection  eagles  arat*30*  for  S  •  0  ms  and "f- 95* 
for  S  *  7.5  am.  For  3  •  10  a  the  negative  pressure 
eiadianc  3p/3x  at  the  wall  in  the  end  of  che  channel  is 
so  large  chat  che  turbulent  boundary  layer  releainarizas 
in  this  region.  The  deflection  angle  is  180*.  If  the 
relamxrariaed  boundary  layer  is  tripped  by  a  wire  at  the 
ead  of  the  channel  (S  ■  10  am)  the  deflection  angle 
drops  to  about  90*.  This  behaviour  corresponds  with  the 
dependency  of  the  deflection  angle  on  che  Reynolds  number 
for  S  ■  8.5  me. 

Figure  6  shows  che  variation  of  che  local  skin 
friction  coefficient  along  the  cylinder  surface.  Note 
the  difference  between  the  curve  for  S  •  id  a  and 
S  •  10  m  with  che  trip  wire  with  1  a  diameter.  For 
S  ■  10  an  the  coefficient  decreases  at  che  beginning  of 


the  cylinder  because  che  acceleration  of  the  flow  field 
due  to  the  spoiler  (Launder  (1964)).  The  near  wall 
region  of  the  wall  jet  is  laminar. Towards  higher  circuat- 
ferencial  angles  the  coefficient  increases  because  of 
the  laminar-turbulent  transition.  At  f  w  90*  the  inner 
boundary  layer  is  fully  curbulenc  and  che  wall  shear 
stress  begins  to  fall  to  zero. 

For  S  ■  10  am  with  trip  wire  there  is  no  region 
vith  increasing  wall  shear  stress.  The  transition  of 
the  laminar  wall  region  takes  place  just  behind  the 
wire.  Downstream  the  wall  shear  stress  continously 
decreases  till  the  separation  angle  is  reached. 

The  process  of  che  laminar-turbulent  transition  is 
clearly  visible  in  Fig.  7.  At  f  ■  60*,  S  •  10  on  and 
Re  *  10s  there  are  turbulent  spots  in  the  near  wall 
region  of  the  wall  jet  which  are  characteristic  for  the 
transition  process  in  a  boundary  layer. 

Mean  velocities  and  Reynolds  stresses 

Fig.  8  and  9  show  the  development  of  che  mean 
velocity  profiles  along  che  symmetry  line  of  the 
cylinder  for  S  «  10  mm  and  Re  •  10s.  The  maximum  mean 
velocities  in  the  wall  jet  increase  until  "f  =  90*  which 
is  a  consequence  of  the  strong  acceleration  of  the  flow 
due  to  the  spoiler  height.  The  larger  the  circumferen¬ 
tial  angle  is  che  wider  (normal  to  the  wall)  the  wall 
jet  becomes. 

Fig.  10,  11  and  12  show  the  development  of  the 
intensities  ,  /u^"  and  along  the  sytmnetry  line 

of  the  cylinder  for  S  »  10  am  and  Re  -  10s.  From  Y  »  10* 
to  'f*50*  there  is  only  a  slight  increase  of  the  levels 
of  and  •'w1 1  near  the  wall,  /v^  even  decreases. 

This  is  a  consequence  of  the  relaminarization  which 
occurs  at  the  beginning  of  the  cylinder.  From  'f  »  50* 
to  Y  *  110*  the  three  components  near  the  wall  strongly 
increase  showing  the  laminar-turbulent  transition  (note 
Chat  the  variation  of  Umax  with  the  angle  f  is  not  so 
large  to  explain  the  reduction  and  only  slight  increase, 
respectively,  of  the  turbulence  levels  from  f  -  10*  to 
f-  50*). 

The  outer  shear  layer  grows  rapidly  along  the 
cylinder  in  streamwise  direction  so  that  at  Y  ■  110*  the 
region  of  minisum  intensities  has  nearly  vanished.  At 
"f «  110*  the  ratio  u,J /v'<  is  about  1  in  the  outer 
region  of  the  wall  jet.  The  convex  curvature  of  che 
streamlines  causes  a  higher  mixing  of  the  fluid  perpen¬ 
dicular  to  the  wall  (see  also  Guicton  (1970))  compared 
with  the  noncurved  wall  jet. 

The  process  of  relaminarization  for  S  ■  10  mm  and 
Re  ■  10s  at  the  beginning  of  the  cylinder  causes  the 
strong  decrease  of  che  Reynolds  shear  stresses  -}uV 
in  the  near  wall  region  of  the  wall  jet  (Fig.  13).  For 
comparison  the  Reynolds  shear  stresses  in  the  near  wall 
region  for  S  •  5  mt  and  Re  •  10s  are  shown  in  Fig  14. 
There  is  a  decrease  from  f  -  10*  to  Y  •  30*  too  but  then 
the  shear  stresses  strongly  increase  from  Y  •  30*  to 
f ■  50*.  This  increase  takes  place  for  S  •  10  nm  from 
Y «  50*  to  Y  “  70*  due  to  the  laminar-turbulent  tran¬ 
sition  process. 

PHENOMENOLOGICAL  EXPLANATION 

If  che  wall  jet  separates  at  about  <80*  there  is  a 
region  along  the  cylinder  where  the  pressure  gradient 
3Pv/3x  is  nearly  zero  or  has  only  slightly  positive 
values.  For  Che  whole  wall  jet  the  negative  pressure 
difference  normal  to  the  wall  pw  -  p_  is  essential  for 
a  high  deflection  angle.  If  it  is  possible  to  maintain 
a  large  pressure  difference  pu  -  p„  over  a  large  region 
along  the  cylinder  che  pressure  forces  are  in  equilib¬ 
rium  with  the  centrifugal  forces.  One  may  get  a  large 
deflection  angle  which  means  that  che  pressure  gradient 
3pv/3x  and  the  pressure  difference  pv  -  p.  are  closely 
connected - 

As  shown  above  a  large  deflection  angle  implies  the 
existence  of  a  rela-iinarized  near  wall  region  at  the 
beginning  of  che  cylinder  and  a  following  laminar-turbu¬ 
lent  transition  region.  The  connection  between  the 
existence  of  these  two  regions  and  a  large  deflection 
angle  may  be  found  vith  the  aid  of  the  x-component  of 
the  Naviar-Stokes  equation  in  orthogonal  cartesian 
coordinates  using  the  boundary  conditions  at  the  wall: 
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The  pressure  gradient  3pw/3x  must  be  approximately 
zero  over  a  large  region  of  the  wall  jet  if  one  want  to 
obtain  a  large  deflection  angle.  That  means  (see  the 
equation)  that  Ora+c/3y)/w  must  be  negative  or  zero  in 
that  region  because  tw/R  is  always  positive  or  can  be 
neglected  compared  with  the  other  two  terms.  Not  only 
the  molecular  shear  stress  rm,  which  dominates  in  the 
near  wall  region,  fixes  the  slope  of  Tjj+g  at  the  wall 
(y  •  0)  but  also  the  level  of  the  Reynolds  shear 
stresses  in  the  near  wall  region.  The  higher  the  level 
of  rt  in  this  region  is  the  more  easily  the  slope  of 
at  che  wall  becomes  positive  and  therefore  also 
the  pressure  gradient  Spy/Sx  becomes  positive  (Fig.  15). 
Thac  means  a  quasilaminar  wall  region  of  the  wall  jet 
(10*  S  f  S  50")  where  the  level  of  Reynolds  shear 
stresses  is  low  favoures  a  negative  pressure  gradient 
3pv/3x  or  a  pressure  gradient  3pu/3x  a  0.  If  the  near 
wall  region  ts  turbulent  the  increase  of  |Su' v1  |  (  f  230°) 
changes  che  slope  of  tm+t  ac  Che  wall  which  leads  to  a 
positive  slope  of  the  shear  stress  distribution  at  the 
wall  and  consequently  to  an  adverse  pressure  gradient. 
The  wall  jet  separates  at  low  circumferential  angels 

( f <  100*  . 

In  the  laminar-turbulent  transition  region  for  the 
relaminarized  boundary  layer  the  wall  shear  stresses 
grow  significantly  together  with  |fu'v'|.  That  means 
the  ratio  of  \J\-t  u*ir  |MJt  is  kept  high  (well  above  1) 
in  this  region 'so  that  (3xm+t/3y)u  and  therefore  Spy/Sx 
is  kept  close  to  zero.  Only  at  about  x/h  »  3  the 
Reynolds  shear  stresses  change  the  slope  of  Tm+t:  at  the 
wall  from  about  zero  to  positive  and  thus  to  an  adverse 
pressure  gradient  (see  Fig.  5), 

If  one  want  to  reach  a  high  deflection  angle  of  the 
wall  jet  for  the  investigated  test  rig  one  must  fullfil 
two  criteria:  i)  che  near  wall  region  of  the  wall  jet  ac 
the  beginning  of  the  cylinder  must  be  relaminarized,  the 
Reynolds  shear  stresses  must  be  very  low.  It  is  impossi¬ 
ble  to  define  an  exact  boundary  between  laminar  and 
turbulent,  ii)  The  relaminarized  region  of  the  wall  jet 
must  extend  over  a  "sufficient"  long  streanwise  direc¬ 
tion  so  thac  che  laminar-turbulent  transition  process 
can  take  place. 

BIBLIOGRAPHY 

Alcaraz,  E. ,  1977,  "Contribution  a  1 'etude  d'un  jet  plan 
turbulent  evoluant  le  long  d'une  paroi  convexe  a  faible 
courbure",  Ph.D.  Thesio,  Universite  Lyon,  No.  d'ordre 
77.37. 

Dahm,  A.,  and  Vagt,  J.D.,  1977,  "Entwicklung  und  Her- 
stellung  incerf erenzarmer  Hiczdrahcsonden",  HFI-Bericht 
01/77,  TO  Berlin. 

Englar,  R.  J. ,  1973,  "Experimental  investigation  of  che 
high  velocity  Coanda  wall  jet  applied  Co  bluff  trailing 
edge  circulation  control  airfoils",  D.W.  Taylor  Nav. 

Ship  Res.  and  Dev.  Center,  Report  No.  4708. 

Femholz,  H.H.,  1965,  "Zur  Umlenkung  von  Freistrahlen 
an  konvexgekruramten  Fl&chen  (Coanda-Eff ekt) ",  Habilica- 
tionsschrifc,  TU  Berlin. 

Femholz,  H.H.  ,  1967,  "Aerodynamische  Hysterese,  Steuer- 
schneiden  -  und  Reynoldszahleinf luE  bei  der  Strdmungs- 
umlenkung  und  AblSsung  an  stark  gekriiiimten  WSnden 
(Coanda-Eff ekt)",  ZFW,  Vol.  15,  Heft  4,  pp.  136-142. 

Guiccon,  D.E.,  1970,  "Some  contributions  Co  the  study  of 
equilibrium  and  non-equilibrium  turbulent  wall  jets  over 
curved  surfaces",  Ph.D.  thesis,  Dep.  of  Mech.  Eng., 
McGill  University,  Montreal. 

Hartmann,  U.,  1982,  "Wall  interference  effects  on  hot¬ 
wire  probes  in  a  nominally  two-dimensional  highly  curved 
wall  jet",  J.  Physics  E:  Sci.  Instruments,  Vol.  15, 
pp.  725-730. 

Easter,  H.  and  LShr,  R. ,  1964,  "Untersuchung  der  Umlen- 
kung  sines  ebenen  Strahles  durch  einen  Kteiszylinder 


Launder,  B.E.  1964,  "Laminarizacion  of  the  turbulent 
boundary  layer  bysaceleration" ,  MIT-Report  Nr.  77,  Gas 
Turb.  Lab.,  Cambridge,  Mass. 

Skavdahl,  H.,  Wang,  T.  and  Hirst,  W.J.,  1974,  "Nozzle 
development  for  the  upper  surface  blown  jet  flop  on  the 
YC-14  airplane",  Soc.  of  Automotive  Eng.,  Nr.  740469. 

Vagt,  J.D.  and  Femholz,  H.F.,  '979,  "A  discussion  of 
probe  effects  and  improved  measuring  techniques  in  che 
near-wall  region  of  an  incompressible  three-dimensional 
boundary  layer",  AGARD  CP  271,  TurbulentBoundary  Layers- 
Experiments ,  Theory  and  Modelling,  Den  Haag. 

Wilson,  D.J.  and  Goldstein,  R.J.,  1976,  "Turbulent  wall 
jets  with  cylindrical  streamwise  curvature",  Trans.  ASME, 
J.  of  Fluids  Eng.,  Vol.  98,  pp.  550-557. 


Spoiler  To  Ventilator 


View  B  View  A 
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COMPUTATION  AND  TURBULENCE  CLOSURE  MODELS  FOR  SHEAR  FLOWS  IN  ROTATING  CURVED  BODIES 
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Department  of  Aerospace  Engineering 
The  Pennsylvania  State  University 
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ABSTRACT 


This  paper  is  concerned  with  the  effects  of  rota¬ 
tion  and  curvature  on  the  turbulence  closure  model. 

The  k-e  model  chat  includes  the  effects  of  curvature 
has  been  modified  to  include  the  anisotropy  in  turbu¬ 
lence.  A  space-marching  algorithm  which  solves  the 
parabolized  Navier-Stokes  equations  is  coupled  with 
the  turbulence  closure  model  to  predict  the  turbulent 
shear  flow  over  a  rocatinj  cylinder  and  inside  a  ro¬ 
tating  channel.  The  agreement  between  the  predictions 
and  available  data  is  good.  The  rotation  and  curvature 
effects  are  predicted  well. 
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semi-width  of  the  two-dimensional  channel 
specific  total  energy  -  o(e1+0.5(U2+V2-H|2) ) 
specific  internal  energy 
Jacobian  of  the  coordinate  transformation 
turbulent  kinetic  energy 

characteristic  length;  in  Lohmann's  experiment 

L  »  0.0254  m _ 

production  of  uiuj 
production  of  k 
static  pressure 
characteristic  velocity 
Reynolds  number  •  QL/v 
turbulence  Reynolds  number  ■  k^/ue 
rotational  oaramater  «  2150/ U^^n 
curvature  Richardson  number  (equation  7) 
parameter  of  the  anisotropic  eddy  viscosity 
modal  (equation  17) 

mean  axial,  tangential  and  radial  components 
of  velocity  in  cylindrical  coordinates 
normalized  by  Q 

contravariant  velocity  •  ?ZU  +  SgV 
Reynolds  shear  stress  in  cylindrical 
coordinates 

velocity  components  in  Cartesian  coordinates 
U],  is  the  principal  velocity  component. 

U2  is  normal  (x2)  to  the  wall,  U3  is  in 
the  transverse  (x3)  direction 
fluctuating  components  of  velocity  in  x3, 
x2 ,  x3  directions 

Reynolds  stresvis  in  Cartesian  coordinates 
velocity  relative  to  a  moving  wall 
friction  velocity 

Cartesian  coordinates;  xi  is  the  main  flow 
direction,  x2  the  normal  to  the  wall,  and 
x3  the  cross-flow  direction 
distance  from  the  wall 

cylindrical  coordinates,  axial,  tangential 
and  radial  directions 
ratio  of  specific  heats 

rata  of  turbulent  kinetic  energy  dissipation 
von- Karma n  constant 
molecular  viscosity 


eddy  viscosity  normalized  by  _ 
molecular  kinematic  viscosity 
body-fitted  coordinates 
density 

angular  velocity 

Subscripts 

p  quantities  at  the  firsc  grid  point  auav  from 

the  wall 

e  edge  quantities 

INTRODUCTION 

There  is  a  considerable  interest  at  the  present 
time  in  developing  numerical  procedures  for  solving  the 
equations  governing  three-dimensional  flows  subjected 
to  centrifugal  and  Coriolis  forces  such  as  those  chat 
occur  on  rotating  curved  bodies  (e.g.,  curbomachinerv 
blades).  The  analysis  of  such  flows  is  ver;  difficult 
due  to  the  fact  that  additional  effects  such  as  Coriolis 
and  centrifugal  forces  change  the  structure  of  che 
turbulence,  thus  invalidating  most  of  the  turbulence 
models  that  are  presently  used  in  computing  turbulent 
flows  on  stationary  bodies.  Curvature  and  rotation  of 
the  body  make  the  turbulence  highly  non-isotropic,  and 
may  affect  the  stability  of  the  boundarv  laver. 

The  k-e  (kinetic  energy-dissipation  rate)  model  has 
been  used  successfully  for  over  a  decade  for  che  pre¬ 
diction  of  two-dimensional  flows.  However,  the  k-- 
model  employs  che  isocropic  eddy  viscosity  concept  and 
hence  it  is  not  adequate  for  flows  where  the  Reynolds 
stress  censor  is  not  aligned  with  Che  mean  strain 
tensor  (e.g.  3-D  boundary  layers). 

The  objective  of  chis  paper  is  to  modify  the  k-‘ 
equations  for  rotating  curved  flows.  An  anisotrooic 
k-e  model  for  chree-dimensional  thin  shear  layers, 
derived  from  Rotta's  T-model  [ 1 ) ,  and  a  k— :  model  for 
two-dimensional  rocating  flows,  derived  from  Calmes 
and  Lakshminarayana ' s  algebraic  Reynolds  stress  model 
[2),  are  proposed.  The  mean  flow  equations  are  solved 
with  a  space-marching  algorithm  for  che  solution  of 
the  Navier-Stokes  equation  developed  bv  Govindan  (3) 

The  modified  k-‘  equations  coupled  with  che  mean 
flow  equations  are  used  to  predict  che  flow  over  a 
rotating  cylinder  [4)  and  through  a  rotating  duct  ' 5 ) . 

THE  SPACE-MARCHING  ALGORITHM 

The  governing  equations  and  the  numerical  technique 
have  been  developed  by  Covindan  (3)  and  only  a  brief 
summary  will  be  given  here.  In  this  technique,  the 
streamwise  coordinate  direction  is  treated  as  a  "time¬ 
like"  coordinate  and  the  system  of  equations  as  an 
initial  value  problem  in  this  coordinate  direction. 

This  provides  a  fully  coupled  system  of  equations  in  che 
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The  Navier-Stokes  equations  for  a  compressible 
flow  in  e  cylindrical  coordinate  system  (r,9,z)  can  be 
written  in  non-dimensional  form  as 

llial  +  MM  +  MM  +  c(q)  JtL&iai.  +  MM  +  MM 

3z  rS6  +  3r  Clq,R  L  >-36  3r  +  3t 

*  I 

+  H(q)J  (1) 

The  vectors  E,  F,  G,  C  contain  the  convective  terms  and 
A,  B,  D,  H  contain  the  viscous  diffusion  terms  where 
the  turbulence  is  simulated  by  replacing  the  molecular 
viscosity  by  the  eddy  viscosity.  The  dependent  vector 
q  is  chosen  as 


streamwise  pressure  gradient  chan  the  pressure 
gradients  in  the  cross-flow  plane.  Thus,  the 
solution  converges  very  fast  in  two  or  chree 
sweeps  of  the  flow  field.  Note  that,  if  the 
first  guess  of  the  streamwise  pressure  gradient 
is  the  exact  one,  only  a  single  pass  is  needed. 

(2)  The  cross-flow  plane  pressure  gradients  are 
treated  implicitly  and  they  are  part  of  the 
solution.  Therefore,  there  is  no  need  for 
solving  any  kind  of  Poisson  equation  for  the 
pressure  in  the  cross-flow  plane. 

(3)  Unlike  most  of  the  space-marching  methods  the 
present  method  does  not  have  difficulties  in 
conserving  mass  since  it  solves  Che  continuity 
equacion  simultaneously  with  the  other  equa¬ 
tions  of  motion  at  each  streamwise  step. 
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q  -  ID,  DC,  dv,  D«,  PeJ1 

where  U,  V,  W  are  components  of  velocity  in  che  chosen 
coordinate  syscem. 


Equation  (1)  is  transfored  to  a  body-fitted 
coordinate, system  and  the  flow  domain  mapped  to  a  sector 
of  a  cylinder  in  which  computations  are  carried  out. 

This  transformation  can  be  described  as 


£  *  £(z,9),  n  *  n(z,9),  C  ■  ?(r)  (2) 


where  £  is  che  coordinate  in  che  streamwise  direction 
and  n  and  £  are  normal  to  it  in  the  craneverse  plane. 

The  diffusion  terms  in  the  £  direction  can  be  dropped  in 
comparison  to  che  terms  in  che  transverse  direction  co 
make  che  equacion  parabolic  in  this  direction  and  amen¬ 
able  co  solution  by  a  marching  procedure.  It  can  be 
easily  shown  that  che  form  of  the  transformed  equations 
can  be  kept  similar  co  equation  (1). 
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An  example  of  the  above  flux  vectors,  the  streamwise 
flux  vector,  is  given  below 


It  can  be  seen  that  this  space-marching  method 
avoids  the  two  most  troublesome  parts  of  the  parabolic 
marching  methods,  namely  the  iterative  solution  of  the 
Poisson  equation  for  the  pressure  and  the  difficulty  in 
satisfying  the  conservation  of  mass.  Therefore,  ic 
gives  very  accurate  predictions  for  the 
velocity  as  well  as  for  che  cross-flow  velocities.  The 
accurate  prediction  of  all  three  components  of  velocity 
is  needed  before  attempting  to  draw  conclusions  about 
che  performance  of  the  various  turbulence  closure 
schemes.  The  turbulence  closure  models  used  are 
described  below. 

THE  k-£  MODEL 

The  k-£  model  used  here  was  that  described  by 
Galmes  and  Lakshminarayana  [2]  and  is  based  on  the 
model  developed  by  Jones  and  Launder  [9].  To  be  consis¬ 
tent  with  the  mean  flow  equations, the  kinetic  energy  and 
the  dissipation  equations  have, been  transformed  to  a 
body-fitted  coordinate  syscem.  These  equations  are  also 
marched  in  space,  making  it  necessary  co  neglect  stream- 
wise  diffusion  terms.  The  kinetic  energy  and  che 
dissipation  equations  can  be  written  in  a  form  similar 
to  equation  (3) 
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Due  co  space  limitations  it  is  not  possible  co  present 
all  che  flux  vectors;  they  can  be  found  in  Ref.  [3]. 


The  equacion  of  state  is  needed  to  close  the  syscem 
of  equaclone  (3)  and  is  given  by 

p  -(Y  -  l)oe1  (4) 

Equation  (3)  along  with  che  equation  of  state  describe 
che  flow  in  the  computational  domain  and  are  solved  with 
cha  Linearized  Block  Implicit  method  of  Briley  and 
McDonald  [6).  A  brief  description  of  che  space-marching 
method  can  be  found  in  Ref.  7.  The  finite  difference 
form  utilizes  che  Crank-Nlcolson  scheme. 


A  global  pressure  iteration  must  be  implemented  co 
converge  che  solution.  To  begin  with,  an  approximate 
pressure  field  is  prescribed  and  che  solution  marched 
from  a  known  upstream  initial  condition.  A  new 
pressure  field  la  obtained  by  using  che  equacion  of 
seate  and  the  solution  marched  again  with  this  new 
pressure  field.  This  is  the  technique  of  global 
pressure  iteration. 
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This  space-marching  method  has  cha  following  advan¬ 
tages  over  the  widely  used  parabolic  marching  methods 
(e.g.  Ref.  18]) . 

(1)  In  the  present  technique,  only  the  streamwise 
pressure  gradient  is  prescribed.  The  pressure 
gradients  in  the  cross-flow  are  not  prescribed. 
It  is  often  such  easier  co  aeclmate  che 
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P  represents  che  production  of  kinetic  energy  and  is 
given  by 
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values  of  kinetic  energy,  dissipation,  and  eddy  vis¬ 
cosity.  This  seems  to  justify  the  assumption  that  the 
set  of  turbulence  equations  for  k  and  £  are  not  strongly 
coupled  by  the  flow  field.  Consequently,  ensuing  runs 
only  solved  equations  (S)  and  (8)  once  co  save  on 
computer  time.  Equation  (3)  is  solved  first  for  the 
mean  flow  quantities.  Next  equations  (5)  and  (8)  are 
solved  using  the  just  computed  mean  flow  quantities. 

This  procedure  lags  the  solution  of  the  turbulence 
quantities  by  one  streamwise  step. 

MODIFICATION  OF  k-E  MODEL  FOR  ANISOTROPY 


The  constants  C  .,  C  ,,  a  ,  <J£  and  Cc  are  given  in 
Table  1.  Thp  cujjvacure  terms  appear  explicitly  in  both 
the  source  (C_,  S_)  and  production  terms  (P)  through  the 
terms  1/C. 


The  term  in  the  £  transport  equation  involving  S 
accounts  for  the  effect  of  streamline  curvature,  and 
it  was  first  introduced  by  Sharms  [10].  S  is  a 
curvature  Richardson  number  given  by 


„  k2  V  „  3 

S  ■  7^2  ;r  3C(CV) 

The  eddy  viscosity  u  is  given  by 
Ut  -  Cuo(k2/£)Re  • 


(7) 


(8) 


Most  researchers  use  a  constant  value  for  the 
coefficient  (usually  Cy  %  0.09).  In  the  next 
sections  C(j  will  be  modified  in  order  to  account  for 
(1)  che  effect  of  non-alignment  between  the  shear  stress 
and  che  mean  strain  censors,  and  (2)  the  effect  of 
rotation. 


El 


Table  1:  Empirical  Coefficients 
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Measurements  in  3-D  boundary  layers  [11]  show  chat 
che  stress  vector  is  not  aligned  with  the  mean  strain 
vector.  Therefore,  an  anisotropic  eddy  viscosity  must 
>e  employed  for  accurate  predictions.  A  rigorous  way 
of  deriving  an  anisotropic  eddy  viscosity  is  by  manipu¬ 
lating  che  algebraic  stress  equations.  The  authors 
attempted  to  derive  an  anisotropic  eddy  viscosity  using 
Rodi's  [12]  algebraic  Reynolds  stress  model,  which  in  a 
Cartesian  coordinate  system  is  given  by 
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ii 


p/e 


l) 


_  3U  _  3U 

where  P±j  -  -oOi^  ^  +  u^  '^±) 


(11) 


Employing  che  thin  shear  layer  assumptions,  namely 
chat  3U  /3x,  and  ai’./axj  are  the  only  important  mean 
velocity  gradients , ~t)«s  following  expressions  are 
derived  for  the  two  stresses  -ou^.,  and  -cu^Uj 
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_ i 

3x, 
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Equation  (5)  is  only  valid  in  regions  where  R-p  is 
sufficiently  high.  Therefore  it  is  not  applicable  in 
the  region  very  close  co  che  wall.  This  problem  is 
overcome  by  employing  wall  functions.  The  boundary 
conditions  for  k  and  £  are  applied  at  the  first  grid 
point  away  from  che  wall.  Care  is  taken  so  that  the 
first  grid  point  is  outside  the  laminar  sublayer,  and 
in  the  law  of  the  wall  region.  It  must  be  emphasized 
here  that  no  wall  function  is  used,  unless  otherwise 
stated,  for  the  mean  velocity  and  the  no-slip  condition 
is  applied  on  the  wall.  Once  che  mean  velocity  profile 
is  obtained,  the  friction  velocity  is  calculated  using 
che  appropriate  form  of  the  law  of  the  wall  for  each 
particular  ease.  Than  k  and  c  at  the  first  point  sway 
from  the  wall  are  calculated  from  the  relations: 

k  •  u2//T  (9) 

p  *  u 

£  *  ujl/xy  (10) 

P  P 

where  y_  is  the  distance  of  the  first  grid  point  from 
the  wall. 
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j  32 


(13) 


where  and  l-u32  are  functions  of  P,  E,  Cp,  C2-  One 

would  expect  chat  C^^j  and  ^u32  are  different  giving 
rise  to  an  anisotropic  model.  However,  Cupj  was  found 
to  be  equal  to  (^32  given  by 


u!2 


U32 


C  -  1  +  C2  P/t 
[Cx  -  1  +  P/E]2 


(14) 


This  indicates  that  in  a  chree-dimensional  boundarv 
layer  Rodi's  algebraic  stress  model  behaves  isocroDic- 
ally,  as  far  as  che  shear  stresses  are  concerned. 

Rotta  [1]  showed  that  che  non-alignmenc  of  the 
shear  stress  vector  with  the  mean  velocity  gradient 
vector  is  due  to  the  fluctuating  pressure  term  in  che 
turbulence  transport  equation.  Introducing  an  appro¬ 
priate  approximation  for  the  pressure-strain  term  in 
the  stress  equations  he  was  able  to  derive  the  following 
expressions  for  -ou^u^,  -0UjU2  in  three  dimensional 
boundary  layers 


Equation  (5)  was  solvad  using  the  same  method  used 
for  the  Navier-Stokas  equations.  Rather  chan  solving 
the  coupled  equations,  each  equation  was  solved 
individually.  The  turbulent  kinetic  energy  aquation 
was  solved  first,  lagging  the  eddy  viscosity  and  dissi¬ 
pation.  Next  the  dissipation  equation  was  solved  using 
the  just  computed  turbulent  kinetic  energy  and  lagging 
che  dissipation.  Finally,  equation  (8)  was  used  to 
calculate  the  eddy  viscosity  using  che  new  kinetic 
energy  and  dissipation.  This  procedure  assumes  chac 
kinetic  energy,  dissipation  and  the  eddy  viscosity  do 
not  change  significantly  from  one  streamwise  station  to 
the  next.  Little  difference  was  seen  between  predic¬ 
tions  that  solved  equations  (5)  and  (8)  in  one  pass  and 
predictions  obtained  when  looping  these  equations 
several  times  at  each  streamwise  station  uaing  updated 
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—  k2  rra-TWi  fUj  +  Tusao’ 

-pu.u,  -  a  0 M-j - P'rr  +  p - r  P  (16) 

3  2  .  I  ^2  +  t,2  ■  3x2  .y-  +  L,2  ,3x2« 

-  13  13- 

where  a  is  a  constant  and  the  parameter  T  is  given  bv 


T  - 


tan<\  -  V 

'•n(Yg  *  Yv) 


(17) 


The  angles  yv,  yc,  and  yg  are  angles  made  by  the 


flows  (P  ■  oe),  their  model  reduces  to 


resultant  velocity,  sheer  stress  and  the  mean  rate  of 
strain  vector,  respectively,  as  shewn  in  Figure  1.  Note 
that  T  *  1  implies  isotropic  eddy  viscosity. 


Fig.  1.  Velocity,  Shear  Stress  and  Mean  Rate  of  Strain 
Vectors  in  the  (x^.Xj)  Plane 


Although  Rotta's  model  seemed  promising,  it  did 
not  find  wide  application  or  success  [13].  The  research¬ 
ers  that  did  use  it  assumed  that  T  is  constant  across 
che  boundary  layer  thickness  as  well  as  in  the  stream- 
wise  direction.  However,  there  is  no  reason  to  believe 
chat  T  stays  constant  in  the  streamwise  direction.  In 
fact  it  only  makes  sense  to  assume  that  T  does 
change  since  the  angles  Yc,  Yg  and  Yv  change  in  the 
screamwise  direction.  T  stays  constant  only  when  the 
boundary  layer  reaches  che  equilibrium  stage. 

In  the  present  study  T  is  assigned  an  initial 
value  at  the  inlet  plane,  and  then  it  is  calculated 
from  the  local  values  of  Yv>  Yt  and  Yg  as  the  flow 
evolves  downstream.  This  fits  well  in  a  space-marching 
algorithm  as  it  can  be  easily  Incorporated  into  it.  Ac 
each  screamwlse  step,  after  che  solution  of  che  mean  and 
turbulent  quantities  is  consisted,  T  is  calculated  at 
each  point  in  the  boundary  layer.  This  value  of  T  is 
used  in  the  solution  of  che  next  streamwise  step.  The 
calculations  showed  chat  variation  of  T  across  the 
boundary  layer  was  not  substantial.  Therefore,  at  each 
streamwise  step  an  averaged  value  of  T  is  used  for  all 
poincs  in  the  boundary  layer. 

Coaparlng  equations  (12)  and  (13)  with  equations 
(13)  and  (16),  respectively,  it  is  evident  chat  the 
desirable  anisotropic  eddy  viscosity  is  obtained,  with 

Cul2  •nd  Cu32  *iv,n  by 


ulu1  2  ,  Rij(1  2)  *  (Pn  ~  3  SnP)(1  ~  c2} 

k  3  °ij  C,P 


(20) 


T 


where 


R.,  *  -2c£2  (E.  .  u ,  u.  +  e.  ,  u  u,  ) 
lj  p  ipk  j  k  :pk  iHc 


trailing  side 


leading  side 


Fig.  2.  2-D  Rotating  Channel 

For  a  two-dimensional  channel  flow  rotating  about  an 
axis  perpendicular  to  it  (see  Fig.  2)  equation  (20) 
yields  (assuming  the  dominant  velocity  gradient  is 
3U1/3x2, 


2  dfiUjUjd - 2^+^~T11u2  "  C2^ 
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Substituting  equations  (21)  and  (22)  in  (23)  the 
following  expression  for  -u^Uj  is  obtained 

_  k2  ri(1  .  Cl  j(l  -  C2)2  r2(l-C,)(l  -  -f) 


i  C1 


(1  -  C,)(2  -  C,)l  ; 30. 
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It  is  advantageous  computationally  to  use  equations 
(12)  and  (13)  instead  of  (13)  and  (16)  since  in  this  way 
the  mean  flow  equations  preserve  their  "laminar"  form. 
This  is  important  for  a  mathematically  well-founded 
algorithm,  as  is  the  one  used  in  che  present  study  [3]. 


where  R 
Setting 


.  ~2r- 

-  1.3  and  Cj  »  0.6  (Ref. 

_  k2 

-UjU2  »  (0.13  -  0.5R)  — 


[12]) 


(25) 


therefore,  C  *  0.13  -  0.5R  .  (26) 

Equation  (26)  yields  Cy  •  0.13  for  ?.  »  0.  However, 
the  value  Cy  *  0.0®  has  been  proven  more  appropriate. 
Therefore,  the  expression  used  in  the  present  calcula¬ 
tions  is 


MODIFICATION  OF  k-c  MODEL  TO  INCLUDE  EFFECTS  OF 
ROTATION  FOR  A  CHANNEL 

Recently  Salmas  and  Lakshninarayana  [2]  developed 
an  algebraic  stress  model  for  rotating  curved  flows. 

In  a  Cartesian  coordinate  system,  for  equilibrium 


C,  -  0.09  -  0.5R  .  (27) 

Note  that  R  is  negative  on  the  leading  side  and  positive 
on  che  trailing  side  of  che  rotating  channel  shown  in 
Fig.  2.  Thus.  Cyleading  ’  Cy„aiUng  which  means  that 
turbulence  is  higher  on  the  leading  side  than  on  the 


trailing  aide,  an  observation  confirmed  by  experiments . 
Thus, the  effect  of  rotation  can  be  incorporated  in  the 
k-c  model  by  using  the  above  modified  value  of  Cu  in 
equation  (8). 

Howard  at  al.  [14]  introduced  the  effect  of  rota¬ 
tion  in  the  k-e  model  by  an  ad  hoc  modification  of  the 
dissipation  (c)  equation.  They  modified  the  constant 
<^2  by  setting  it  equal  to 

2  30 

Cc2(l  +  0.2(£)  •  (28) 

In  a  later  section  the  authors'  modification 
(Eq.  27)  will  be  compared  with  Howard's  (eq.  28)  in  the 
calculation  of  the  flow  in  a  rotating  duct. 

TEST  CASE  Is  FLOW  ON  A  ROTATING  CYLINDER  (Lohmann  [4]) 


The  anisotropic  k-e  model  as  well  as  the  standard 
isotropic  one  were  tested  for  the  flow  over  a  rotating 
cylinder  losnersed  in  an  axial  scream.  The  free  stream 
velocity  was  17. S3  m/sec  and  Che  boundary  layer  thick¬ 
ness  at  the  initial  station  was  0.0203  m.  The  surface 
velocity  was  1.411  times  Che  free  scream  velocity.  The 
radius  of  the  rocatlng  surface  was  0.134  m.  The  calcu¬ 
lation  was  started  on  the  stationary  part  of  the 
cylinder,  0.0127  m  upstream  of  the  location  where  Che 
surface  started  rocatlng.  A  cylindrical  coordinate 
system  is  used  with  U,  V,  W  representing  the  axial  (z), 
tangential  (9)  and  normal  to  the  wall  (r)  velocity, 
respectively.  Initial  values  for  U,  k,  c  were  needed 
at  the  initial  station.  U  and  k  were  obtained  from 
the  experimental  data.  However,  e  had  to  be  approxi¬ 
mated.  In  orderto  study  the  effect  of  initial  value 
e  on  the  solution,  three  different  methods  were  used 
to  find  E  at  the  initial  station: 

(1)  Equation  (12)  was  solved  for  e 
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Cul2 


k2  3u 

(-uw)  3r 


(29) 


with  k,  -uw,  and  3U/3r  obtained  from  the  data. 
Cy22  uaa  **c  squal  to  0.09. 

(2)  Production  was  assumsd  equal  to  the  dissipa¬ 
tion  and  the  aquations 
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(3) 


were  solved  simultaneously  for  the  unknown 
values  of  P,  ut  and  c. 

The  following  equation  was  used 


(0.3k) 
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«/« 


(31) 


with  t/6  •  <  y/i  for  y/6  £  0.09 

C/«  -  0.09  for  y/S  >  0.09 

where  6  is  the  boundary  layer  thickness  and 
I  is  the  mixing  length. 


It  was  observed  chat  all  three  methods  of  estimat¬ 
ing  e  yielded  the  same  results  after  a  few  stations 
downscreaa.  Therefore,  the  solution  was  independent  of 
the  initial  e  profile,  as  long  as  it  was  calculated  by 
a  reasonable  approximation  based  on  physics  of  the  flow. 

The  equations  governing  this  flow  were  solved  in  a 
cylindrical  coordinate  system  and  thus  in  equations  (18) 
and  (19)  the  ratio  OO^/lxj) /OU^/Sx^)  was  substituted 

(r  |^(V/r))/(30/3r)  . 

The  friction  velocity  used  in  the  wall-function 
expressions  is  calculated  from  the  exnreeslons  given 
by  Lohmann  [4] 

V*  «  2.44  InY*  +  4.9  (32) 


V+  -  V  /V*  and  Y+  •  yV*/v 
r  r  r  r  r 

with  Vf  the  velocity  relative  to  the  moving  wall. 

T  was  sec  equal  to  1  for  the  locations  on  the 
stationary  part  of  the  cylinder.  It  was  assigned  a 
value  different  than  1  at  the  location  where  the 
surface  started  rotating.  For  the  rest  of  the  locations 
it  was  calculated  by  the  algorithm.  Figure  3  shows  the 
evolution  of  T  for  four  different  values  of  initial  T 
(0.9,  0.75,  0.5,  0.25).  It  can  be  seen  that  after  an 
initial  adjustment  region,  T  is  found  to  be  Identical 
in  all  approaches  beyond  z/L  •  5 .  This  shows  that : 

(1)  The  idea  of  leaving  T  free  to  take  the  value 
calculated  by  the  algorithm  seems  to  be 
reasonably  good. 

(2)  The  resulting  T  does  not  depend  on  the  initial 
value  of  T,  a  feature  that  is  computationally 
desirable  and  convenient . 

The  fact  that  T  is  almost  constant  along  the 
streamwise  distance  after  the  initial  adjustment  region, 
indicates  that  Che  boundary  layer  is  reaching  an 
equilibrium  state. 


Fig.  4.  Comparison  Between  Predicted  and  Experimental 

Axial  Velocity  Profiles  for  a  Rotating  Cylinder 

Figures  4  to  8  show  the  comparison  between  experi¬ 
mental  data  and  predictions  from  the  isotropic  and 
anisotropic  k-e  model  at  three  locations  z/L  *  3,  8,  16; 
z/L  ■  0  is  the  location  where  the  rotation  starts  and  l 
is  taken  equal  to  1  inch  *  0.0254  m.  It  can  be  seen 
that  the  predictions  for  U,  V,  k  and  uv  have  been 
Improved  by  the  use  of  the  anisotrooic  eddy  viscosity 
model. 


whare 


V*. 
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Fig.  5.  Comparison  Between  Predicted  and  Experimental 
Tangential  Velocity  Profiles 


The  prediction  of  the  mean  velocity  as  well  as  the 
turbulence  quantities  is  better  than  those  obtained  by 
earlier  Investigators  [15].  The  space-marching  code 
and  the  modified  k-e  turbulence  closure  model  seem  to 
provide  good  predictions  of  the  flow  field. 


Fig.  6.  Comparison  between  Predicted  and  Experimental 
Kinetic  Ensrv*  Profiles  for  Rotating  Cylinder 


Fig.  7.  Comparison  Between  Predicted  and  Experimental 
Streamwlsa  Stress  (-uv)  Profiles 


Fig.  8.  Comparison  Between  Predicted  and  Experimental 
Tangential  Stress  (-vw)  Profiles 


TEST  CASE  2:  FLOW  IN  A  ROTATING  DUCT  (Johnston  [5])  - 
Fig.  2 

The  authors'  computational  technique  and  the  turb¬ 
ulence  closure  were  tested  for  the  flow  in  a  rotating 
duct  investigated  by  Johnston  et  al-  [5].  The  flow  was 
two-dimensional  at  the  mid-span  plane.  The  width  of 
the  duct  was  2D  *  0.0398  m  and  the  Reynolds  number  based 
on  the  maximum  velocity  was 

u.  n 

R  -  -  19000. 

e 

The  flow  was  fully  developed  at  the  test  section 
located  at  Xj/D  »  58.  Johnston  did  not  provide  anv 
inlet  velocity  measurements  and  thus  the  inlet  velocity 
was  assumed  to  be  uniform  calculated  from  the  total  mass 
flow. 


W20 


Fig.  9.  Comparison  Between  Predictions  and  Experiment 
for  the  Strearawise  Velocity  for  R0  *  0 

The  computer  code  was  first  run  for  the  non-rotacing 
case.  The  predictions  for  the  streamwise  velccitv  did 
not  compare  well  when  the  no-slip  boundary  condition 
was  applied  on  the  walls.  However,  when  a  wall  slip 
velocity  was  used,  the  predictions  were  very  good  (Fig. 
9).  Following  Kreskowsky  et  al .  [16]  the  wall  slip 
velocity  was  derived  by  assuming  that  the  velocity  pro¬ 
file  is  logarithmic  at  the  first  grid  point  away  from 
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eh*  wall.  Therefore,  eh*  velocity  gradient  ac  che 
first  polne  away  from  th*  wall  1*  given  by 


W  '  *y.  ' 


Using  a  backward  finie*  difference  for  equation 
(33),  th*  wall  slip  velocity  is  aseimatad  to  be 


U.  -  U  -  —  •  (34) 

ASUP  p 

A  detailed  Investigation  of  th*  slip  boundary  condition 
w ibs  carried  out  by  Gorskl  *t  al  [  7  ] . 

The  comparison  between  the  predicted  and  the 
■assured  streaawlse  velocity  for  th*  rotating  duct 
(Ro  *  0.083)  Is  shown  In  Fig.  10.  Evan  though  th* 
agreeaent  Is  not  as  good  as  in  the  non-rotating  case 
th*  qualitative  effects  of  rotation  are  well  predicted. 

The  authors'  modification  to  th*  k-e  model  (  eqn. 
27)  gives  better  predictions  on  the  trailing  side  than 
Howard's  modification  (  «qn.  28).  The  latter  performs 
slightly  better  on  the  leading. side. 
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Fig.  10.  Comparison  Between  Predictions  and  Experiment 
for  the  Streaawlse  Velocity  for  Rg  -  0.08S 
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Fig.  11.  Comparison  Between  Predicted  and  Experimental 
Values  of  u#/(u(k)o 

Figure  11  shows  th*  comparison  between  predicted 
and  measured  »t/(uJ  for  various  rotational  speeds; 

(uA)  is  the  friction  velocity  at  R  «  0.  It  can  be 
seen0 that  the  models  predict,  qualitatively,  th* 
measured  variation  of  uA  with  R  on  both  th*  leading 


and  trailing  sidea.  Howard's  model  gives  better  results 
for  the  leading  side.  The  author's  model  underestimates 
jl  -  u*/(>O0l  on  both  sides  while  Howard's  model  over¬ 
estimates  [1  -  u^/(ut)  |  on  th*  trailing  side.  Even 
though  It  is  diff icult°to  state  which  of  the  two  models 
performs  better,  it  must  be  emphasized  that  the  authors' 
modification  is  derived  through  a  procedure  based  on 
the  Reynolds  stress  equations 

CONCLUDING  REMARKS 

Modifications  to  the  k-e  model  to  account  for  the 
non-alignment  of  the  shear  stress  vector  with  the  mean 
strain  vector  and  for  the  effects  of  rotation  have 
been  proposed  and  tested.  The  modified  T-raodel  gave 
encouraging  results  for  the  flow  over  a  rotating 
cylinder,  but  it  needs  further  testing  in  more  complex 
three-dimensional  boundary  layers.  The  study  showed 
that  the  rotation  effects  can  be  accounted  through 
the  modified  coefficient  C,,.  The  present  study  has 
also  Illustrated  how  the  k-c  model  can  be  extended, 
with  the  help  of  che  algebraic  stress  equations,  to 
account  for  complex  phenomena. 
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ABSTRACT 

Rotating  turbulent  channel  flow  has  bean  aiaulated 
numerically  using  the  large-eddy-slmulacion  technique. 
With  a  three— dimensional,  tine-dependent,  numerical 
simulation  of  turbulence,  it  was  possible  to  obtain 
detailed  flow-field  information  which  had  not  been 
available  previously  from  experiments.  This  information 
was  used  to  study  the  structure  and  statistical  proper¬ 
ties  of  the  flow  with  externally  imposed  rotation.  It 
was  found  that  in  agreement  with  experimental  obsarva- 
tlons,  the  Coriolis  force  Introduced  by  the  system  rota¬ 
tion  could  stabilize/destabilize  turbulence.  The  large- 
scale  motion  observed  in  the  experiment  was  also  found 
to  exist  in  the  computed  flow  field. 

INTRODUCTION 

Understanding  the  turbulent  flow  in  the  blade  pas¬ 
sages  of  turbomachines  is  essential  for  improving  the 
efficiency  of  such  devices.  Since  the  flow  is  periodi¬ 
cally  unsteady  to  an  observer  in  a  stationary  frame,  it 
is  moat  easily  analyzed  in  the  reference  frame  chat 
rotates  with  the  blades.  Analytically,  the  transforma¬ 
tion  between  che  two  coordinate  systasu  is. straightfor¬ 
ward:  one  only  needa  to  add  the  Coriolis  acce.'  orations 
in  che  equations  of  motion.  For  incompressible  flow, 
che  cencrlfugal  force  can  be  included  into  the  pressure 
term  unless  boundary  conditions  prohibit  it.  Experi¬ 
mentally,  however,  this  is  not  an  easy  task  since  the 
whole  cast  facility  has  to  be  mounted  on  a  rotating 
system.  Despite  this  difficulty,  some  experimental 
results  are  available  in  che  literature  because  of  the 
work  done  on  this  flow,  by  many  Interested  engineers  who 
wished  to  Improve  the  efficiency  of  turbomaehines  (see 
Johnson  (1970)  for  an  extensive  review  of  che  subject 
matter) . 

The  objective  of  this  study  is  to  investigate  the 
effect  of  rotation  on  the  turbulence  structure  through 
a  reliable  numerical  simulation.  Recently,  the  large- 
eddy-simulatlon  (LES)  approach  has  shown  considerable 
promise  in  investigating  the  physics  of  turbulence 
(e.g. ,  Reynolds  (1941),  Mo in  and  Elm  (1982)  (hereafter 
MjC) ,  Kim  (1983)).  In  LBS,  che  large-scale  flow  field  is 
obtained  by  directly  Integrating  the  filtered,  chree- 
dlmenalonei,  time-dependent  Navier-Stokea  equations. 

The  small-scale  motions  are  simulated  with  an  eddy  vis¬ 
cosity  model.  Since  LES  can  produce  detailed  flow 
structures  as  well  as  time-averaged  turbulence  statis¬ 
tics,  it  Is  possible  to  supplement  the  experimental  data 
and  to  gain  a  better  understanding  of  the  physics  of  the 
flow  field. 

In  this  paper  the  numerical  results  obtained  from 
simulating  the  flow  studied  experimentally  by  Johnson 
at  el.  (1972)  (abbreviated  JHL,  hereinafter)  art  pre¬ 
sented.  Their  experiment  consisted  of  a  channel  on  a 
rotating  table,  with  the  mean  flow  perpendicular  to  the 
rotation  axis.  The  channel  had  a  high  aspect  ratio,  and 
the  mean  flow  was  two-dimensional  in  the  planes 


perpendicular  to  che  rotation  axis  (Fig.  1).  The  objec¬ 
tive  of  the  experiment  was  to  investigate  the  effects  of 
spanwise  rotation  on  turbulence  structures.  They  showed 
that  the  Coriolis  force  introduced  by  che  system  rota¬ 
tion  could  stabilize  turbulence  near  one  of  the  walls 
(stable  side)  and  destabilize  turbulence  near  the  other 
(unstable  side).  In  addition,  they  observed  the  follow¬ 
ing  three  rotation-induced  phenomena:  (1)  the  reduction 
(increase)  in  the  rate  of  bursting  of  wall-layer  streaks 
in  locally  stabilized  (destabilized)  wall  layers: 

(2)  the  total  suppression  of  transition  to  turbulence  in 
a  stabilized  layer;  and  (3)  the  development  of  large- 
scale  roll  cells  on  the  destabilized  side  of  the  channel. 
The  last  two  phenomena  were  observed  only  for  rotation 
rates  beyond  critical  values.  Most  of  their  results, 
however,  were  based  on  their  flow-visualization  work  and 
lacked  much  desired  quantitative  information.  For  exam¬ 
ple,  no  turbulent  quantities  were  measured:  instead, 
they  used  che  wall-shear  velocity  as  a  measure  of  the 
turbulence  intensity  close  to  the  wall.  The  present 
investigation  was  undertaken  with  the  expectation  that 
more  quantitative  information  with  regard  to  the  effect 
of  rotation  would  benefit  both  the  designer  of  turbo¬ 
machinery  and  a  turbulence  modeler  who  would  like  to  add 
such  an  effect  into  a  model. 

GOVERNING  EQUATIONS 

The  dynamic  equations  of  motion  and  che  continuity 
equation  for  an  incompressible  fluid  with  respect  to  the 
reference  frame  rotating  at  a  steady  rate  0  can  be 
written  as  follows: 

~  +  u  ■  Vu  -  -VP  +  2fl  *  u  +  vV*u  (1) 

7  •  u  -  0  (2) 

where  Q  •  (0,0,0)  for  the  present  problem  since  the 
axis  of  che  rotation  is  parallel  to  che  spanwise  direc¬ 
tion,  z.  The  second  cerm  on  che  right  side  of 
equation  (1)  is  the  Coriolis  force  due  to  the  rotation, 
and  che  cerm  arising  from  che  centrifugal  force  is 
Included  in  the  pressure  term;  che  rotation-induced  cen¬ 
trifugal  force  does  not  play  an  essential  role  in  deter¬ 
mining  the  velocity  field.  Applying  the  filtering  opera¬ 
tion  (Moln  and  Kim  (1982))  to  equations  (1)  and  (2),  we 
obtain  the  equations  for  the  large-scale  flow  field, 

+  a  •  7u  -  -TP  +  2Ro  X  B  +  -i-  7^u  +  SGS  (3) 


where  we  have  decomposed  u  •  u  +  u'  for  the  large-scale 
and  sub-grid  scale  components,  and  SGS  represents  the 
modeling  cerm  due  to  che  sub-grid  scale  motions.  Here, 
the  flow  variables  are  nondimenslonalized  using  che  chan¬ 
nel  half-width,  <S,  and  the  wall  shear  velocity  of  the 
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nonrotating  channal  flow,  uTq.  Thus  the  Reynolds  number 
and  cha  rotation  number  are  defined  as  ReT  •  uTq5/v 
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Equations  (3)  and  (4)  are  integrated  numerically 
with  the  same  method  as  MK  which  employs  pseudospectral 
approximation  in  the  homogeneous  directions  (i.e., 
streamwise  and  spanwise) ,  a  finite-difference  approxi¬ 
mation  in  the  direction  normal  to  the  wall,  and  a  semi- 
implicit  time-advancement.  The  computations  are  carried 
out  using  64  x  64  x  128  grid  points  in  the  streamwise, 
normal- to- the-wall,  and  spanwise  directions  (x,  y,  and 
z,  respectively).  The  initial  field  was  the  result  of 
the  fully  developed  channel  flow  of  MK  for  a  Reynolds 
niaber  of  13,800,  based  on  centerline  velocity  and  chan¬ 
nel  half-width,  i.e..  Re  -  Ue6/v  -  13,800.  The  same  Rey¬ 
nolds  number  (corresponding  to  ReT  •  640)  was  used  for 
the  present  work,  and  the  Rotation  number  was  set  at 
Ro  *  2QUc/6  *  0.068  (corresponding  to  Rox  *  1.47).  The 
same  Reynolds  number  was  used  in  order  to  compare 
directly  the  present  results  with  the  results  of  MK  for 
the  effect  of  the  Imposed  rotation.  This  particular 
Rotation  number  was  selected  because  here  the  flow 
remains  turbulent  at  both  sides  of  the  channel  and  the 
large-scale  vortical  cell  structures  were  observed  on 
the  unstable  side  according  to  the  experiment 
of  JHL. 


RESULTS 

Starting  from  the  initial  field,  the  governing 
equations  were  integrated  in  time  until  the  numerical 
solutions  reached  a  statistically  steady  state.  This 
equilibrium  state  was  Identified  by  the  energy  balance 
of  each  of  the  Reynolds  stress  equations.  Once  we 
reached  chls  statistical  steady  state,  we  Integrated 
further  in  time  to  get  a  running-time  average  of  the 
horizontally  averaged  turbulence  quantities. 

Figure  2  shows  the  mean  velocity  profile  (u) 

(unless  otherwise  stated,  in  this  section  <  )  indi¬ 
cates  horizontal  as  well  as  time  averaging)  nondlmen- 
slonallzed  by  the  centerline  velocity.  A  profile  from 
JHL  is  also  plotted  for  comparison  (the  actual  data 
were  taken  from  a  table  in  Halleen  and  Johnston  (1967)). 
Other  than  the  obvious  experimental  scatter,  the  agree¬ 
ment  between  the  two  results  is  very  good.  Both  results 
show  the  asymmetry  introduced  by  the  Imposed  rotation. 

In  the  figure,  y/i  •  -1  corresponds  to  the  lower  wall 
(unstable  side  with  the  direction  of  rotation  as  given 
in  Fig.  1).  Figure  2  shows  the  wall  shear  on  the 
unstable  side  is  increased  whereas  it  is  decreased  on 
che  stable  side.  The  wall  shear  velocities  for  both 
sides  normalized  by  che  nonrotaclng  channel  are  shown  in 
Figure  3,  cogether  with  che  results  from  JHL  for  various 
Rotation  numbers.  The  predicted  wall  shear  velocity 
for  both  walls  is  in  good  agreement  with  the  experiment. 
Figure  4  shows  che  mean-velocity  profilee  in  wall  units. 
The  computed  profiles  in  closed  symbols  show  che  same 
trend  as  did  the  experimental  results  from  Halleen  and 
Johnston  (1967)  for  three  different  conditions  (three 
different  Rotation  numbers  with  slightly  different 
Reynolds  numbers) :  both  results  indicate  substantial 
deviation  from  the  conventional  log-law.  It  appears 
from  che  above  figures  that  the  computed  results  agree 
quite  well  with  che  experimental  results. 

The  profiles  of  turbulence  intensities  are  shown  in 
Figure  3.  Note  that  all  intensities  are  nondlmensional- 
lzed  by  the  wall  shear  velocity  of  the  nonrotating  chan¬ 
nel  corresponding  to  the  same  Reynolds  number.  Also, 
unless  otherwise  stated,  all  the  quantities  presented  in 
this  section  are  only  for  reaolveble  or  large-scale 
parts;  che  contribution  from  che  sub-grid  scales  is 
usually  negligible,  except  where  very  close  to  che  walls. 
To  show  the  effect  of  che  rotation,  turbulence  intensi¬ 
ties  for  the  nonrotating  channel  are  also  Included  in 
the  figure.  This  shows  the  Increase/decrease  of  turbu¬ 
lence  intensities  owing  to  che  descabilizlng/stabllizing 
effect  of  che  Coriolis  force.  On  the  stable  side,  all 
che  turbulence  intensities  are  decreased  significantly. 

On  the  unstable  side,  an  Increase  in  vraa  and  a  slight 
increase  in  9n(  are  noticeable.  In  addition, 
decreased  substantially  in  the  region  around 


-0.9  <  y/S  <  -0.3.  This  is  because  the  additional  terms 
that  appear  in  each  energy  equation  (4(l(uv>  in  (Q2) 
equation  and  -40(uv>  in  <52)  equation)  transfer 
energy  from  'u2)  to  <92)  on  the  unstable  side  where 
UP)  is  negative.  The  opposite  is  true  for  the 
stable  side.  Thus,  the  Coriolis  force  affects  tur¬ 
bulence  intensities  in  Such  a  way  chat,  except  near  the 
walls,  che  components  of  the  fluctuating  velocities 
become  more  isotropic  on  the  unstable  side  and  more 
anisotropic  on  the  stable  side.  An  examination  of  the 
one-dimensional  spectra  indicates  that  this  trend  toward 
isotropy /anisotropy  is  achieved  by  redistributing  ener¬ 
gies  in  low  wave  numbers  as  shown  in  Figure  6. 

In  phenomenological  turbulence  modeling,  one  has  to 
construct  models  for  che  correlations  chat  appear  in  the 
governing  equations  for  the  Reynolds  stresses.  The  terms 
in  the  equations  are  computed  co  provide  the  data  needed 
to  Improve  the  effect  of  rotation  models.  Figure  7  pre¬ 
sents  the  terms  that  appear  in  the  energy  equation. 
Figures  7(a)  and  7(b)  show  the  dramatic  effect  of  the 
Coriolis  force  on  each  term  (see  Fig.  17  in  MK  for  non¬ 
rotating  channel).  Note  that  there  is  no  explicit 
dependence  on  the  Coriolis  force  in  the  energy  equation 
since  che  extra  terms  in  the  (u2)  and  (v2)  equations 
are  cancelled  out.  Therefore  each  term  is  implicitly 
affected  by  the  rotation  through  the  direct  influence 
of  U  on  u  and  ?.  We  also  note  that  on  the 
unstable  side  the  location  of  the  maximum  production  is 
not  changed  (y+  *  13)  although  che  maximum  magnitude  is 
increased  by  about  302.  However,  on  the  stable  side, 
the  maximum  magnitude  occurs  at  y+  *  30  with  a  rather 
flat  profile.  It  is  also  interesting  co  note  that  the 
dissipation  term  is  al3o  significantly  increased/ 
decreased  to  balance  che  increase/decrease  of  the  produc¬ 
tion.  And  there  is  no  abnormal  behavior  in  the  convec¬ 
tion  (turbulent  diffusion)  terms.  This  implies  that  no 
extra  turbulence  energy  is  being  transferred  from  the 
unstable  side  to  the  stable  side;  rather  it  seems  to 
dissipate  more  or  less  locally. 

Bradshaw  (1969)  uses  the  gradient  Richardson  number, 
RI,  as  a  parameter  of  local  stability  describing  the 
effect  of  rotation  or  streamline  curvature  on  a  turbulent 
low.  The  gradient  Richardson  number  is  defined  as 

R1  .  -2n(3(u>/3y  -  20) 

R1  (9(u  73y) 2  (5) 

For  a  positive  Ri,  local  stability  is  enhanced; 
instability  is  enhanced  with  a  negative  Ri.  The  mixing 
length,  i  *  -(uv>/(3  u  /3y),  is  shown  as  a  function 
of  Ri  in  Figure  8.  Note  that  the  mixing  length 
is  nondimensionalized  by  the  mixing  length  of 
nonrotating  channel,  l o.  The  mixing  length  increases 
with  a  negative  Ri  and  decreases  with  a  positive  Ri 
as  shown  in  che  figure,  and  the  "Monin-Oboukhov”  formula 
of  the  type  i/lo  »  1  -  8Ri  is  shown  in  the  figure  for 
B  -  2  and  B  *  4.  Also  shown  in  the  figure  are  the 

results  for  a  higher  Rotation  number,  Ro  -  0.21.  It 

should  be  noted  that  at  this  Rotation  number  the  statis¬ 
tical  steady  state  has  just  been  achieved  and  the 
results  are  not  time-averaged  and  must  be  taken  with  some 
care.  Figure  8  shows  S  is  about  2  on  the  unstable 
side  and  between  2  and  4  on  the  stable  side.  Bradshaw 
(1969)  estimated  (from  Halleen  and  Johnston  (1967))  B 
to  be  about  2  for  the  unstable  side  and  about  4  for  the 
stable  side,  while  Johnston  (1970)  reported  the  data 
being  scattered  around  8  *  4.  Although  Bradshaw  and 
Johnston  used  the  same  data,  they  used  different 

approaches  to  get  the  estimate  of  8.  Bradshaw  used  the 

deviation  of  the  mean  profile  from  the  conventional  log- 
law,  whereas  Johnston  estimated  directly  from  their 
measurement  of  mixing  lengths,  which  Involved  differen¬ 
tiations  of  mean  velocities. 

Detailed  structures  of  the  computed  flow  field  are 
investigated  by  examining  contour  plots  of  the  instan¬ 
taneous  velocity,  pressure,  and  vorticity  field.  To 
highlight  the  effect  of  rotation  on  tuibulence  struc¬ 
tures,  the  results  for  the  higher  Rotation  number, 

Ro  •  0.21,  are  used  in  the  remainder  of  this  paper.  The 
difference  is  less  striking  if  the  results  for  Ro  ■  0.068 
were  used;  otherwise  the  same  effect  is  observed. 

Figure  9  shows  the  contour  plots  of  streamwise  fluc¬ 
tuating  velocity  in  an  (x,z)  plane.  In  all  the  contour 


plots  shown  hsre,  solid  lines  ere  for  positive  values  and 
dashed  lines  are  for  negative  values.  The  wall-layer 
streak  structures  (Kline  ec  al.  1967)  are  evident  in 
this  figure.  More  streaks  are  noticeable  on  the  unstable 
side  (Figure  9(a))  than  on  the  stable  side.  It  appears 
froa  this  figure  that  che  number  of  streaks  is  directly 
related  to  the  wall  shear.  On  the  unstable  side  there 
are  more  streaks  and  an  increase  in  the  wall  shear;  on 
the  stable  side,  the  opposite  is  true.  This  implies  that 
it  is  possible  to  achieve  reduction  in  drag  by  finding 
a  way  of  suppressing  the  formation  of  streaks  in  the 
sublayer. 

Figure  10  showi  contours  of  streamwlse  vorticlty  in 
a  (y,z)  plane.  Note  that  the  direction  of  the  mean  flow 
is  perpendicular  to  the  plane  and  the  lower  wall  cor¬ 
responds  to  the  unstable  side.  First  we  notice  large 
concentrations  of  streamwlse  vorticlty  near  the  lower 
wall  where  they  seem  to  appear  as  pairs  of  opposite 
signs,  indicating  the  existence  of  counterrotating 
streamwlse  vortices.  Also,  there  is  evidence  of  large- 
scale  vortical  structures  a  little  farther  away  from 
the  wall.  On  the  other  hand,  the  contours  on  che  upper 
wall  (stable  side)  display  relatively  quiet  motions 
withouc  much  evidence  of  organized  structures.  Figure  11 
shows  contour  plots  of  turbulent  shear  stress  in  an 
(x,y)  plane.  In  che  lower  side  of  the  channel  (unstable 
side) ,  negative  values  contribute  to  che  positive  tur¬ 
bulence  production;  on  the  upper  wall,  positive  values 
contribute  to  the  production.  Again,  the  stabilizing/ 
destabilizing  effect  of  che  Coriolis  force  is  evident. 
Also  we  note  that  che  occurrence  of  high  shear  is 
spotty  (localized  in  space)  indicating  high  incermittency 
of  the  shear  stress. 

A  computer-generated  motion  picture  that  simulated 
flow-visualization  experiments  with  hydrogen-bubble 
wires  was  made  to  obtain  a  better  idea  of  the  dynamic 
structure  of  che  flow.  At  regular  intervals,  particles 
were  generated  along  the  lines  parallel  to  and  normal  to 
the  walls.  These  particles  were  traced  in  time  to  vis¬ 
ualize  the  unsteady  nature  of  the  flow  field.  These 
numerically  generated  bubbles  clearly  showed  the 
stabllizlng/dastabllizlng  effect  on  che  turbulence  struc¬ 
tures  due  to  rotation.  (The  motion  picture  will  be  shown 
during  che  presentation  at  the  Conference.) 

In  che  experiment  of  JHL,  a  new  type  of  structure 
was  observed  when  the  Rotation  number  was  Increased 
beyond  0.04;  a  spanwlse  array  of  large-scale  vortex 
cells  or  roll  cells  were  observed  on  che  unstable  side. 
The  size  of  these  roll  cells  was  about  the  channel  half- 
width.  Similar  large-scale  vortical  structures  are 
observed  in  the  present  motion  picture;  a  frame  is  shown 
in  Figure  12  to  illustrate  this  large-scale  structure. 

The  figure  shows  an  end  view  of  che  structure  with  the 
mean  flow  perpendicular  to  the  plane  (see  Fig.  13  of 
JHL) .  Particles  are  generated  along  che  lines  parallel 
to  the  walls  located  at  three  different  y  locations: 
y/5  •  -0.98,  y/S  •  -0.5,  and  y/S  •  0.98.  Particles 
generated  from  the  horizontal  line  at  y/S  *  -0.5  form 
che  shape  of  roll  calls  as  they  move  downstream.  Also 
shown  in  che  figure  is  the  formation  of  streaks  and  che 
ejection  away  from  the  wall  on  the  unstable  side,  while 
all  the  particles  on  the  stable  side  remain  very  close  to 
the  wall.  This  Indicates  no  ejection  is  taking  place  on 
the  upper  wall  during  the  time  of  the  motion  picture. 

SUMMARY 

Numerical  results  of  rotating  turbulent  channel 
flow  at  Reynolds  number  13,800  and  Rotation  number  0.068 
are  presented.  Calculations  were  carried  out  by  LES 
techniques  using  64  *  64  *  128  mesh  points.  The  agree¬ 
ment  of  the  computed  mean  quantities  with  experimental 
data  is  good.  With  a  three-dimensional,  time-dependant, 
numerical  simulation,  it  is  possible  to  obtain  detailed 
flow»fleld  information  which  had  not  been  available 
from  experiments.  This  information  was  used  to  study  che 
structure  and  statistical  properties  of  the  flow  field 
due  to  externally  imposed  rotation.  All  the  cerms  chac 
appear  in  the  turbulent  energy  equation  were  computed. 
These  data  could  be  used  to  improve  che  phenomenological 
turbulence  modeling.  It  was  found  that,  in  agreement 
with  experimental  observations,  the  Coriolis  force 
introduced  by  che  system  rotation  could  stabilize/ 
destabilise  turbulence.  The  spacings  between  streaks 


in  the  wall  region  were  directly  related  to  the  shear 
scress  at  che  wall:  i.e.,  the  small  screak  spacing 
yields  high  wall  shear  scress  and  vice  versa.  The 
large-scale  motion  observed  in  che  experiment  was  also 
found  to  exist  in  che  computed  flow  field. 
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Figure  1.  Turbulenc  flow  in  a  rocacing  channel. 
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Figure  2.  Mean  velocity  profile:  o,  Johnston  et  al., 
Re  •  6,570  and  Ro  -  0.068;  -,  computation, 
Re  *  13,800  and  Ro  »  0.068. 


Figure  3.  Wall  shear  velocity  normalized  on  zero- 

rotation  value  at  the  same  Reynolds  number 
A,  present,  result;  other  symbols  from 
Johnston  et  al. 
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Figure  4.  Mean  velocity  profile  In  wall  unit:  •  ,  present  results;  other  from  Johnston  et  al. 
(a)  Unstable  side,  (b)  Stable  side. 


Figure  5.  Profiles  of  turbulence  Intensities:  o,  6,  o,  u,  v,  w  for  rotating  channel 
— ,  u,  v,  w  for  nonrotating  channel. 
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ABSTRACT 

The  paper  reports  flow  and  heat  transfer  predictions 
of  turbulent  flow  in  passage  around  a  180°  square- 
sectioned  bend.  The  nunerical  results  are  obtained  from 
a  finite-volume  discretization  of  the  semi-elliptic  form 
of  the  Navier  Stokes  and  energy  equations.  The  turbulent 
stresses  are  represented  by  the  k-c  Boussinesq  viscosity 
model  both  in  its  standard  form  and  with  a  streamline 
curvature  correction.  Serious  differences  between 
experiment  and  prediction  exist  for  both  forma  and 
suggestions  are  made  for  their  origin.  Heat  transfer 
confutations  indicate  that  from  45s  -  180°  the  secondary 
flow  provokes  at  least  a  2:1  circumferential  variation 
in  heat  transfer  coefficient  around  the  duct  perimeter 
and  that  differences  of  40Z  between  the  mean  heat 
transfer  coefficient  in  each  wall  persist  at  least  10 
diameters  downstream. 


1  INTRODUCTION 

Computers  and  flow  solution  schemas  have  developed 
to  a  point  where  serious  numerical  studies  of  convective 

transfer  in  coof lex,  3— dimensional  flows  can  now  be 
made.  But,  for  turbulent  flow,  what  level  of  accuracy 
can  one  expect  from  such  a  simulation?  The  question  is 
of  great  practical  interest  for  if  the  accuracy  can  be 
relied  on  within  the  allowable  tolerances  the  cost  of 
computation  -  typically  a  few  hundred  dollars  per  run 
-  will  often  be  negligible  cosfared  with  the  cost  of 
getting  the  information  from  experiment.  This  is  tha 
question  our  research  on  flow  around  180°  bends  has  been 
addr easing. 

Tha  180°-bend  flow  has  several  qualities  that  make 
it  well  suited  as  a  bench-mark  test  case.  It  has  very 
strong  practical  connections,  especially  in  heat 
exchangers,  yet  its  topography  is  relatively  simple. 

This  simplicity  means  that  the  flow  boundary  conditions 
can  be  easily  and  unambiguously  reproduced  by  a  comoutor; 
it  also  means  chat  obtaining  tolerably  accurate  numerical 
solutions  (whatever  may  be  the  frailties  of  the  physics) 
is  a  target  within  sights  -  though  there  may  be  argument 
about  whether  it  it  yet  within  range.  It  is  a  more 
challenging  flow  than  the  90°  bend  that  provided  one  of 
the  teat  cases  at  the  1981  Stanford  Conference  (Kline 
et  al,  1981,  1982)  because  turbulent  stresses  generated 
by  the  strong  secondary  flow  have  longer  to  act  on  the 
mean  flat.  Moreover,  and  moat  importantly,  detailed 
experimental  data  are  available  (Chang  et  al,  1983)  with 
which  to  draw  comparison. 

Computations  of  flow  around  the  90°  square-sectioned 
bend  adopted  for  the  Stanford  Conference  have  been 
reported  by  Hiaphrey  et  al  (1981,  McDonald  (1982), 
Abde'lmegu id  at  al  (1982),  Rodi  et  al  (1982),  Moore  and 
Moore  (1982)  and  Chang  et  al  (1982);  the  first  three 
es^loy  a  discretisation  of  tha  full  Navier  Stokes 
equations,  tha  last  two  adopt  a  semi-elliptic  formulation 
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in  which  only  the  pressure  field  is  stored  over  the  full 
domain  (Pratap  and  Spalding,  1975)  and,  necessarily, 
streamwise  derivatives  in  the  momentum  equations  are 
discarded.  All  but  McDonald's  and  Moore's  studies 
employed  the  same  mathematical  model  for  the  turbulent 
stress  field  -  the  k-e  Boussinesq  viscosity  model.  Yet 
the  flow  patterns  predicted  by  these  schemes  bear  only  a 
qualitative  resemblance  to  each  other  or,  for  that 
matter,  to  the  experimental  data.  The  fully  three- 
dimensional  discretizations  have  of  necessity  to  use  a 
coarse  grid  which  has  severely  limited  the  numerical 
accuracy  available.  The  semi-elliptic  schemes  which  have 
allowed  8C  or  more  streamwise  planes  (not  all,  of 
course,  in  the  bend  itself)  achieve  somewhat  better 
overall  agreement  with  data. 

The  computations  of  Moore  and  Moore  (1983)  and 
McDonald  (1983)  extend  through  the  viscous  sublayer  to 
the  wall  allowing  a  better  numerical  resolution  of  the 
near-wall  region  than  the  k-t  treatments  (which  apply 
"wall  functions"  to  bridge  the  5Z  of  the  flow  nearest 
the  wall).  This  fine-grid  approach  was  also  followed  in 
the  work  of  Cousteix  et  al  (1983)  for  the  same  conference 
though  they  make  only  a  two-dimensional  inviscid 
calculation  for  the  pressure  field.  The  numerical 
simplification  this  brings  is  considerable  since  a  three- 
dimensional  marching  scheme  may  be  adopted;  in  view  of 
the  poor  agreement  obtained,  however,  it  remains 
questionable  whether  this  basis  for  obtaining  the  pressure 
is  useful  in  bends  of  small  aspect  ratio  with  substantial 
curvature.  Of  course,  more  nodes  near  the  wall  means 
fewer  elsewhere;  moreover,  instead  of  calculating  the 
dissipation  rate  e  from  a  transport  equation  these 
groups  obtained  it  via  a  prescribed  length  scale  distrib¬ 
ution  -  with  much  uncertainty  as  to  the  appropriate 
prescription. 

In  the  intervening  two  years  since  computations  for 
the  Stanford  Conference  were  made  the  authors  have  cont¬ 
inued  to  give  attention  to  curved  ducts  but,  for  reasons 
given  earlier,  to  the  180°  bend  case. 

A  detailed  mapping  of  the  velocity  field  by  laser 
anenoostry  has  been  made  at  Berkeley  for  the  curved  duct 
shown  in  figure  1.  These  data  and  preliminary  numerical 
computations  are  to  appear  in  Chang  et  al  (1983).  The 
present  contribution  provides  a  more  refined  set  of 
computations  of  this  flow  and  examines  Che  influence  of 
wall  boundary  conditions  and  turbulence  model  on  the 
computed  flow  pattern.  It  also  reports  solutions  of  the 
enthalpy  equation  thus  providing  predictions  of  the 
circumferential  distribution  of  Nusselt  number  around 
Che  duct  perimeter. 

2.  SUtMAKY  OF  NUMERICAL  SCHEME 

Describing  Differential  Equations 

The  stationary,  turbulent,  incompressible  flow  of 
fluid  through  a  curved  duct  of  constant  rectangular 
cross-section  is  conveniently  described  through  conserv¬ 
ation  equations  in  cylindrical  coordinatas.  With 
coordinates  x  and  r  mapping  the  duct  cross-section  and 


8  che  angle  of  progress  along  the  duct,  ch«  describing 
Man  flow  equations  may  be  written: 


x-moaentua 


UU  *  VU  *  (W/r)U  -  -  £  p  ♦  (2uU  -  u2) 

X  i  O  1/  a  X  X 


♦  r  l(r(u(Ur  ♦  Vx)  -  uv)r 


0Vx  ♦  Wr  -  W2/r  ♦  (W/r)V0  -  -  i  pr  ♦  (v(Uf  ♦  Vx)-uv)x 
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Here  U,T  and  W  are  tjM  mean  velocity  components  in  the 
x,  r,  8  directions,  ut  uv,  etc.  are  the  correspondingly 
defined  Reynolds  stresses,  T  is  the  mean  temperature  and 
t  the  temperature  fluctuation.  The  quantities  v,  o  and 
o  are  respectively  the  fluid  kinematic  viscosity, 
density  and  Prandtl  number.  The  subscripts  x,  r  and  8 
denote  partial  differentiation  with  respect  to  Che  space 
coordinate  in  question. 

The  turbulent  stresses  are  obtained  from  the 
Bousslnesq  stress-strain  formula  which,  in  cylindrical 
coordinates,  implies: 

-  72  -  2vt  Ux  -  f  i  -  2vT.Vr  -  |k 

-  uw  »  vT(Wx  ♦  r  ^g);  -vw  -  vT(r(W/r)r  +  r  1V0) 

-  uv  «  v_(U  *  V  )  (6) 
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where,  in  accordance  with  Che  k-c  model 

vT  -  cuk 2/e  ,  (7) 

k  being  che  turbulence  energy  and  c  its  dissipation 
rate.  These  quantities  are  themselves  found  from  trans¬ 
port  equations  solved  simultaneously  with  che  mean  flow 
variables: 
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The  empirical  coefficients  are  assigned  the  usual  values 
optimised  by  Launder  et  al  (1973): 

c  ■  0.09;  c  *  1.44;  c  »  1.92;  q  m  1.0;  o  •  1.22 
u  cl  c2  k  t 

The  semi-elliptic  truncation  has  been  applied  to  all 
these  aquations  in  thac  terms  containing  second  deriv¬ 
atives  on  0  are  dropped. 


equations 

were  derived  by  integration  over  discretized  volumes  in 
the  flow  domain  following  broadly  Pracap's  (1975) 
guidelines.  As  is  now  customary,  the  velocity  components 
and  pressure  are  stored  on  a  staggered  mesh.  Streamwise 
convective  transport  is  approximated  by  upwind  differences. 
In  the  cross-sectional  plane,  however,  both  upwind  and 
quadratic  upwind  (QUICK)  options  are  included.  The 
latter  scheme  devised  by  Leonard  (1979)  has  been  tested 
by  Han  et  al  (1981)  for  turbulent  flow  in  a  driven 
cavity  and  found  to  be  distinctly  better  than  an  upwind 
approximation.  (In  fact,  so  far  as  the  cross-scream 
components  are  concerned,  the  flow  around  a  bend  is  very 
like  a  driven  cavity).  The  method  of  implementing  the 
scheme  in  the  numerical  algorithm  is  as  given  by  Han  et 
al  (1981). 

In  che  course  of  iteration,  the  adjustments  to  the 
pressure  field  in  response  to  mass  inbalances  for  the 
control  volumes  surrounding  each  pressure  node  is 
essentially  as  proposed  in  the  SIMPLE  algorithm  (Patankar) 
and  Spalding,  1972)  except  that,  with  the  velocity  field 
held  on  only  two  successive  9  planes,  reorganization  is 
required  (PTatap,  1975).  At  any  x-y  plane  the  U  and  V 
velocity  components  are  solved  first.  The  streamwise 
momentum  equation  is  solved  next  to  obtain  the  W  velocity 
(displaced  half  a  cell  down-stream  as  a  result  of  the 
'staggering')  using  new  values  of  V  and  U  in  the  convect¬ 
ive  terns;  finally,  perturbations  to  the  pressure  field 
are  introduced  in  conjunction  with  re-adjustments  to 
the  current-plane  U-V  field.  This  procedure  is  applied 
at  all  planes  beginning  at  the  upscream  boundary  and 
stepping  downstream,  successively  overwriting  'upstream' 
velocities  by  current  values.  On  completing  such  a 
pass  over  the  domain  the  computation  starts  over  again 
at  the  upstream  end  unless  the  residual  error  is  small 
enough  that  convergence  is  signalled. 

Because  the  computation  as  outlined  above  has  had 
to  make  extensive  use  of  upstream  values  (rather  than 
current  plane  values)  of  velocity  in  evaluating  convection 
coefficients  and  sources,  a  certain  upstream  bias  is 
introduced  into  the  solution  if  a  purely  marching  treat¬ 
ment  is  followed.  For  this  reason,  as  the  computation 
approaches  its  apparent  solution,  it  is  necessary  to 
introduce  iteration  on  che  velocity  components  at  each 
step.  That  is  to  say,  when  current  plane  values  have 
been  obtained  the  equations  are  resolved  using  current- 
values  as  appropriate  in  -forming  coefficients  and 
source  terms.  Approximately  45  passes  were  needed, 
starting  from  an  assumed  uniform  pressure  field  to  obtain 
converged  results;  this  was  deeMd  to  have  been  achieved 
when  the  magnitude  of  che  mass  errors  summed  over  every 
cell  of  the  domain  fell  below  1Z  of  the  entering  mass 
flow.  (Other  studies  have  typically  accepted  mass 
errors  of  0.52  per  plans  which  is  larger  by  a  factor  of 
50  than  tolerated  here). 

The  flow  field  generated  in  the  duct  is  symmetric 
about  the  mid-plane  of  the  cross-section  lying  in  che 
plane  of  the  bend.  Computations  were  thus  extended 
over  just  one  half  of  the  duct,  che  cross-section  being 
mapped  by  a  15x25  interior  grid  for  most  of  the  results 
presented  here-under  with  the  mesh  expanding  mildly  from 
each  wall.  The  computations  began  seven  hydraulic 
diameters  upscream  of  the  bend  and  extended  11.5 
downstream;  this  region  was  covered  by  a  total  of  117 
streassfise  planes. 


The  Difference  Equations  and  their  Solutions 
Finite-difference  forms  of  the  transport 


Boundary  Condition* 

Along  the  sySatry  plan*  th*  gradiancs  of  all  but 
on*  of  cha  dapandanc  variables  war*  sat  to  zaro;  cha 
value  of  0,  th*  velocity  normal  to  this  plana,  was  made 
zaro.  On  th*  three  sides  bounded  by  th*  duct  wall,  wall 
functions  wara  employed  to  supply  appropriate  near-wall 
sources  and  sinks  to  th*  various  dependent  variables. 
Besides  th*  'standard'  wall  treatment  habitually  es^loyed 
in  codes  developed  by  those  associated  with  the  Imperial 
College  school  (Launder  and  Spalding,  1974)  a  more 
elaborate  version  originating  in  the  present  work  has 
been  used.  It  is  an  extension  of  the  schemes  of  Chieng 
and  Launder  (1980)  and  Johnson  and  Launder  (1982).  In 
relation  to  the  present  study  its  most  significant 
feature  is  that  the  wall  friction  opposing  the  secondary 
motion  is  obtained  independently  of  the  streamvise  vel¬ 
ocity  by  nerforming  the  integration  V  •  JXr  x/ueff)d* 

between  the  wall  and  the  first  node.  By  contrast,  the 
IC  wall  treatment  assumes  chat  Che  resultant  near-wall 
velocity  parallel  to  the  wall  obeys  th*  usual  logarithmic 
law  (the  streamwis*  and  cross-stream  wall  stress  comp¬ 
onents  are  then  obtained  by  resolving  appropriately). 

Flow  inlet  conditions  are  detailed  in  th*  next 
section. 


3.  COMPUTATIONS  AND  EXPERIMENT  COMP ABED 

Th*  experimental  data  providing  th*  basis  for  this 
comparison  are  chose  reported  by  Chang  *t  al  (1983)  for 
a  duct  in  which  the  mean  radius  of  the  bend  was  3.3S 
hydraulic  diameters.  The  flow  entering  the  bend  had 
developed  through  a  straight  entry  section  of  31  D  after 
being  passed  through  a  series  of  screens  to  promote 
shear  layer  development.  Thus,  while  the  flow  had  not 
become  fully  developed  there  was  no  inviscid  core 
remaining  when  the  flow  encountered  the  bend.  Th* 
experiments  were  taken  at  a  bulk  Reynolds  number  of  56700. 

A  parallel  experiment  at  UMIST  is  underway  which 
reproduces,  so  far  as  we  are  able  to,  the  Berkeley  teat 
conditions.  Th*  apparatus  dimensions  are  twice  chose  of 
the  Berkeley  rig  and  since  air  rather  chan  water  is 
employed,  velocities  need  to  be  increased  by  a  factor  of 
8  to  maintain  the  same  Reynolds  number.  While  the  main 
output  from  the  UMIST  study  will  be  convective  heat 
transfer  data  it  has  served  to  provide  checks  on  an 
unexpected  feature  of  the  Berkeley  measurements.  At  90° 
around  th*  bend  their  streamwis*  velocity  profile  alqng~  - 
a  radial  line  had  exhibited  a  pronounced  double 
maxi mum.  This  feature  while  most  strongly  present  on 
th*  plan*  of  syvetry  waa  still  atr  along  th*  line 
midway  between  the  symmetry  plane  aud  th*  end  wall. 

Figure  2  coheres  the  laser  anemometer  profiles  reported 
by  Chang  at  al  (1983)  with  those  obtained  with  a  pair  of 
slant  hot  wires  at  UMIST.  It  is  seen  that  th*  double¬ 
peek  feature  is  present  in  both  sets  of  data;  indeed, 
there  ia  very  satisfactory  agreement  between  the  two 
realisation*  of  this  flow.. 

Computations  were  started,  as  noted,  seven 
hydraulic  diameters  upstream  of  the  bend  uaing,  as 
initial  conditions  th*  velocity  and  turbulence  energy 
profile*  of  Mailing  and  Whiteiaw  (1976).  The.turbulence 
energy  dissipation  rat*  was  assigned  as:  t  «k3/2/i  where 
the ^length  scale  was  assigned  as  th*  smaller  of 
«/c J1*  times  th*  distance  to  the  nearest  wall  or  .  375D_ 

Th*  former  is  consistent  with  a  mixing  length  varying 
as  k  times  che  wall  distance;  the  latter  imposes  a  uni¬ 
form  length  scale  at  distances  greater  than  0.15D_  from 
any  wall.  It  is  our  view  chat  th*  uncertainties  in 
initial  conditions  make  no  significant  contribution  to 
differences  between  experiment  and  computation  in  the 
bend  itself.  In  support  of  this  view,  experiments  at 
UMIST  with  a  virtually  fully  developed  flow  at  entry  to 
the  bend  produced  screaari.se  velocity  profiles  at  90° 
only  slightly  different  from  those  shown  in  fig.  2. 

Th*  computed  development  of  th*  streamwis*  and 
radial  velocity  components  around  th*  bend  it  shown 
in  figure*  3  and  A.  Serious  discrepancies  between  compu¬ 
tation  and  measurement  quickly  develop.  At  45°  the 
predicted  redial  velocity  on  the  centreline  is  somewhat 
too  low  end,  a*  a  result,  the  streamwie*  calculated 
profile  at  this  position  ia  biased  towerda  the  inside  of 


the  bend  while  in  th*  experiment  th*  velocity  peak  ia 
displaced  somewhat  towards  the  outer  radius.  (It  appears 
that  the  experimental  measurement  of  Wg,  th*  bulk  mean 
streamwise  velocity,  may  be  too  low  at  this  position 
causing  all  the  measured  profiles  to  lie  above  the  pred¬ 
iction;  the  differences  in  shape  thgt  are  present  are  not 
affected  by  this,  however).  At  90  th*  differences  are 
more  pronounced  including  the  very  strong  double  peak 
in  the  measured  streamwis*  profile  and  its  complete 
absence  in  the  predictions.  The  radial  velocity 
profiles  likewise  display  a  sharp  peak  near  the  inner 
boundary  radius  that  is  not  reproduced  in  che  computation. 
Similar  anomalies  are  present  at  135°  (th*  experimental 
data  are  at  130°)  but  by  180°  (177°  for  measurements) 
the  streamwise  profiles,  at  any  rate,  are  showing  closer 
agreement;  the  secondary  flow  is  still  seriously  in 
error,  however. 

Clearly  something  starts  to  go  quite  seriously 
wrong  with  the  simulation  fairly  early  on  in  the  bend  and 
a  substantially  different  flow  pattern  is  computed  at 
90°  from  that  measured.  In  search  of  che  cause  of  che 
differences  a  number  of  adaptations  have  been  considered. 
The  most  recant  calculations  have  benefitted  from 
significant  mesh  refinement  in  the  near-wall  region 
compared  with  an  earlier  set  (Johnson  and  Launder  1983) 
yet  che  differences  in  the  calculations  are  small  compared 
with  the  differences  hetween  measurement  and  calculation. 
Th*  procedure  for  finding  th*  secondary  wall  shear  stress 
seems  a  particular  area  of  weakness  and  so  a  test  was  made 
where  the  wall  stresses  in  the  x-y  plane  were  set  to  zero. 
This  is  clearly  an  incorrect  hypothesis  but  it  served  to 
indicate  whether  wall  stress  errors  could  conceivably 
account  for  the  large  differences.  The  largest 
difference  between  the  two  practices  occurs  at  135  for 
which  the  primary  velocity  profiles  are  shown  in  figure 
5.  The  changes  produced  by  this  step  slightly  improve 
agreement  with  experiment  and  along  2X/D^  ■  0.5  a  peak 
in  V  near  the  inner  wall  is  present.  Nevertheless 
large  differences  remain. 

It  is  well  known  that  the  k-e  model  does  not  correct¬ 
ly  capture  the  great  sensitivity  of  real  turbulence  to 
small  amounts  of  streamline  curvature.  Although  this 
weakness  is  intrinsic  to  the  use  of  the  Boussinesq 
stress-strain  relation,  for  two-dimensional  curved  flows 
it  has  been  found  possible  to  imitate  the  effect  of 
curvature  on  turbulent  shear  stresses  fairly  well  by 
introducing  the  following  term  in  place  of  the  sink 
-cE2c2/k  in  the  t  transport  equation: 

-c,2£2U-°.2  Ri) 


where  Ri  =  (k/cR)2W(KW) ^  is  a  curvature  Richardson  number 
and  R  is  the  local  radiiU  of  curvature  of  a  streamline. 


This  is  given  by 

i  1  2/7 

R  -  ((UV  -VU,)2+(UW  -WU J2*(VW  -WVJ2)5/* 
t  t  t  t  t  t 

where  U  i  UU  +VU  +WU  and  K  i  (U2+V2+W2) 


(10) 


In  places  the  secondary  velocity  field  resulting  from  this 
modification  was  changed  by  20X;  the  effect  on  che 
streamwise  velocity,  however,  was  nowhere  more  than  3X  and 
is  thus  insignificant  compared  with  the  differences  here 
in  question.  This  result  could  have  been  anticipated  for 
on*  could  not  expect  an  empirical  'fix'  on  one  stress 
component  in  a  two-dimensional  shear  to  be  satisfactory 
for  all  the  stress  components  in  a  complex  three- 
dimensional  flow. 

Th*  logical  next  step  in  improving  th*  representation 
of  th*  Reynolds  stress  is  the  introduction  of  an  algebr¬ 
aic  stress  model  of  turbulence  '.ASM)  in  place  of  che 
Boussinesq  stress-strain  relation.  Models  of  this  type 
have  been  conspicuously  successful  in  mimicking  the 
effects  of  curvature  in  two-dimensional  shears  without 
th*  introduction  of  specially  cuned  empirical  terms 
(e.g.  Rodi  et  al,  1982).  Unfortunately,  switching  from 
a  model  based  on  a  turbulent  viscosity  to  one  where  che 
turbulent  stresses  enter  the  calculation  as  sources  and 
sinks  is  a  severely  de-stabiliting  departure  At  the 
time  of  writing  no  converged  results  have  been  obtained 
with  the  QUICK  treatment  of  convection.  With  th*  up¬ 
wind  scheme,  however,  convergence  has  been  achieved 
though  largely,  w*  believe,  because  chis  approach  brings 


it*  own  false  diffusion  to  assist  stability. 

Straaawisc  velocity  profilas  dram  from  these  results 
appear  on  figure  4  for  the  90°  position.  The 
particular  form  of  ASM  adopted  is  that  which  resuics 
froa  applying  Rodi's  (1976)  algebraic  transport 
hypothesis  to  Gibson  and  Launder's  (1978)  second-moment 
closure  proposals.  The  Gibson- Launder  study  which 
considered  the  case  of  flow  past  a  single  plane  wall 
included  terns  representing  the  effects  of  pressure 
reflection  froa  the  rigid  boundary.  Here  there  are  four 
walls  present  and  their  effect  is  assumed  to  be  accounted 
for  by  applying  a  linear  superposition;  this  extends  to 
three— dimensions  the  usual  two-dimensional  practice. 

It  is  clear  from  fig.  3  chat  the  introduction  of  che 
ASM  scheme  has  brought  no  improvement  in  accuracy, 
sosMvhac  Che  reverse.  Based  on  earlier  experience* 
with  che  k-c  Boussinesq  model  artificial  diffusion 
introduced  by  upwind  differencing  modifies  che 
streaawije  velocity  cypically  by  amounts  similar  to  che 
difference  between  che  curves  representing  ASM  and  k-c 
predictions  in  fig.  4  (and  in  the  same  direction).  That 
no  improvements  are  recorded  from  adopting  this  higher- 
level  closure  can  only  be  said  to  be  extremely  perplex¬ 
ing.  IC  is  hoped  chat  by  che  time  of  the  meeting  at 
which  this  work  is  formally  presented  an  explanation 
will  have  emerged. 

The  heat  transfer  behaviour  considered  in  figure  6 
is  that  arising  from  using  che  Boussinesq  k-c  model. 

The  greatest  difference  between  heat  transfer  rates  on 
che  inside  and  outside  of  the  bend  initially  occurs  at 
che  centre  plane.  The  secondary  flow  driving  cold 
fluid  cowards  che  outer  wall  on  this  plane  produces 
higher  heat  transfer  levels  as  is  cypical  of  impinge¬ 
ment  conditions.  Conversely,  on  che  inside  of  che  bend, 
che  fluid  adjacent  to  che  wall  has  arrived  there  after 
travelling  relatively  slowly  over  a  slightly  greater 
length  (due  to  che  secondary  mocion) .  This  fluid  has 
thus  been  heated  considerably  more  than  that  near  che 
outer  wall  and  heat  transfer  coefficients  are  thus 
lower.  At  45°  the  ratio  of  the  Nusselc  number  on  Che 
two  sides  is  3:1.  This  difference  diminishes  with 
passage  around  Che  bend  as  the  secondary  and  primary 
flow  patterns  become  more  complex;  even  at  180°  however 
the  mean  level  of  Nusselt  number  is  602  greater  on  che 
outer  than  the  inner  wall  associated  with  che  fact  chat 
the  faster  moving  fluid  is  located  near  the  outer  wall 
(see  fig.  3):  this  produces  higher  velocity  gradients 
which  in  turn  produce  higher  kinetic  energy  level. 

Downstream  of  the  bend  the  secondary  flow  decays 
(the  maximum  radial  velocity  is  only  ,02  Wg  at  ten 
diameters)  chough  the  Husselc  number  distribution 
around  the  duct  perimeter  remain*  strongly  non-uniform. 
The  mean  level  of  Nusselc  in  the  bend  is  some  302  higher 
chan  is  found  in  a  straight  tube  at  the  same  Nusselt 
number. 

4.  CONCLUDING  REMARKS 

Experiments  under  identical  flow  conditions  in  our 
two  institutions  using  different  methods  of  measurement 
have  confirmed  chat  at  che  90  position  in  a  square- 
sectioned  U-bend  che  streaawise  velocity  displays  a 
secondary  peak  near  the  inner  wall.  None  of  our  numeri¬ 
cal  sisulation*  using  relatively  fine  meshes  and  the 
QUICK  treatment  of  convection  has  succeeded  in  mimick¬ 
ing  this  important  flow  feature.  For  che  present  we 
cannot  offer  a  convincing  explanation  for  this  failure: 
grid  refinement  in  che  cross-sectional  plane  has  had 
little  influence  while  introducing  an  ASM  apparently 
brings  no  benefit.  There  are  two  steps  we  propose  to 
cake  chat  may  bring  about  a  marked  improvement.  The 
first  is  to  concentrate  a  far  greater  proportion  of  the 
screamrtse  calculational  planet  in  the  first  90°  of  che 
bend.  (The  present  distribution  provides  a  virtually 
uniform  spacing  around  che  bend  and  only  modest 
variations  in  the  upstream  and  downstream  tangents). 

The  second  will  be  to  abandon,  on  the  flat  walls  of  the 
bend,  the  wall-function  treatment.  Instead,  a  fine 
mesh  will  be  introduced,  to  allow  computations  to  be 
carried  into  the  viscous  sublayer.  In  this  way  uncert¬ 
ainties  a*  to  the  appropriate  wall  boundary  condition 
are  removed.  Ha  have  found  from  parallel  work  in  the 
round-sectioned  U-bend  Chat  by  assuming  a  radial 
equilibrium  pressure  distribution  across  the  viscous 


and  buffer  regions  che  introduction  of  a  very  fine 
near-wall  grid  ha*  negligible  effect  on  either  convergence 
rates  or  storage  requirements. 

With  che  velocity  field  in  such  relatively  poor 
agreeisent  with  data  over  most  of  the  bend  no  very  defin¬ 
itive  conclusions  can  be  drawn  from  che  detailed  heat 
transfer  behaviour.  However,  results  very  probably  give, 
in  their  overall  pattern,  a  correct  indication  of  the 
effects  on  heat  transfer  levels:  i.e.  at  least  a  2:1  ratio 
of  heat  transfer  coefficients  on  the  outer  and  inner 
curved  walls  of  the  bend;  a  mean  level  some  302  higher 
than  in  a  straight  duct  and  a  strong  non-uniformity  in 
Nusselt  number  persisting  at  least  10  diameters  down¬ 
stream. 
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2  I  0  CROSS-SECTIONAL  VEW 
The  flow  considered 
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Fig.  2  Comparison  of  streamwise  velocity 
profiles  at  90°. 
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Radial  velocity  profiles  at  45 
90°  and  180°  around  bend 
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Development  of  computed  heat 
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FLOW  ID  SIQCID  DIFFUSERS  OF  MODERATE  CURVATURE 
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ABSTRACT 

Developing  laminar  and  turbulent  flows  nave  been 
measured  in  two  diffusers  with  S-  and  C-sftaped 
centre-lines.  small  divergence  angle  and  moderate 
curvature.  The  square  inlet  cross-section  expanded  in 
the  plane  of  curvature  to  a  rectangle  with  an 
exit-to-miet  area  ratio  of  i.S.  Laser- Doppler 

anemometry  was  used  to  measure  three  velocity  components 
and.  in  turbulent  flow,  tne  associated  fluctuations  and 
cross-correlations.  Wall  static  pressure  measurements 

are  also  reported.  Flow  visualisation  did  not  reveal  tne 
presence  of  any  recirculation  regions.  Pressure-driven 
secondary  flows  are  present  in  both  ducts  but  are 
generally  smaller  than  those  measured  in  similar  ducts  of 
uniform  cross-sectioned  area. 


I.  INTRODUCTION 

Curved  diffusers  with  S-  and  C-shaped  centre-lines 
are  used  in  a  wide  range  of  engineering  situations  and 

the  present  investigation  was  motivated  by  requirements 
of  aircraft  intake  ducts  and  the  need  to  evaluate  related 

design  procedures.  Pressure-driven  secondary  flows  occur 
in  curved  ducts  and  cause  distortion  of  the  flow  profiles 

at  the  duct  outlet  with  possible  consequences  for 

compressor  performance.  The  present  results  quantify  the 
effect  of  the  secondary  flows  and.  in  conjunction  with 
previous  investigations  in  ducts  of  constant 

cross-sectional  area  (Humphrey  at  ai.  1977.  1981 .  Enayet  at 
al.  1982.  McMillan.  1982  and  Taylor  at  al.  1982a.  b)  allow 

the  evaluation  of  the  combined  effects  of  turning  and 

diffusing  flows. 

Fully-developed  laminar  and  turbulent  flows  in 
strongly  curved  C-shaped  ducts  have  been  investigated  by 
Humphrey  at  al(  1977.  1981)  .  and  developing  flows  by  Taylor 
at  al(  19820.  The  results  show  that  weaker  secondary 

flows  are  present  in  the  developing  flow  case,  mainly  due 
to  the  thinner  inlet  boundary  layers.  Enayet  at  alt  1 982) 
measured  the  developing  flow  in  a  moderately  curved  90 
degree  bend  and  found  cross-stream  flows  with  magnitudes 
naif  of  those  in  the  strongly  curved  duct  of  Taylor  at 
al. 

Experimental  investigations  of  developing  flow  in 

S-shaped  ducts  of  uniform  cross-sectional  area  have  been 
reported  by  Taylor  at  al  (1982a.  b)  for  moderately  curved, 
and  by  Bansod  and  Bradshaw  (1972)  for  strongly  curved 
S-ducts.  Numerical  calculations  of  the  flow  in  a 
circular  S-duct  have  been  reported  by  Levy  at  al  (  1983) 
The  measurements  of  Taylor  at  al  snow  that 
pressure-driven  secondary  flows  are  present  in  the 
S-ducts  and  reach  maxima  of  0.22  and  0.  IS  of  the  bulk 
velocity  in  the  laminar  and  turbulent  flow  regimes 

respectively:  in  the  second  bend  of  the  S-ducts  a 

secondary  flow  in  the  opposite  direction  to  that  in  the 
first  bend  is  established  over  most  of  the  cross-section. 
The  secondary  flow  generated  in  the  first  bend  is 
sustained,  however,  near  the  outer  wall  of  the  second 
bend  because  of  tne  sign  of  the  local  radial  vorticlty 
There  are  no  other  investigations  of  doubly-curved 

diffuser  flows  known  to  the  authors.  Measurements  of 
developing  flow  in  a  unidirectional  curved  diffuser  of  40 
degree  turning  angle.  I.  S  area  ratio  and  rectangular 
cross-section  of  I  S  aspect  ratio  have  been  reported  by 
McMillan  (1982)  and  show  secondary  flow  vortices  similar 
to  those  encountered  in  bends  of  constant  cross-sectio¬ 
nal  area.  with  a  general  deceleration  of  this  flow 

pattern  due  to  the  area  increase 

in  the  present  investigation  the  duct  cross-section 
at  the  inlet  was  square  (40*0  1x40*0  1mm)  and.  in  order 
to  reduce  the  possibility  of  flow  detachment,  thm  miet 
boundary  layers,  small  centre-ime  displacement.  mild 
curvature  and  small  diffusing  angle  (effective  total 


divergence  angle  of  2  6  degrees) .  were  employed.  The 
length  of  the  diffuser  itself  was  sufficiently  snort  so 
that  the  flow  did  not  become  fully-developed 

The  present  work  constitutes  an  exiension  to  tne 
previous  investigations  of  constant  area  ducts  and. 
therefore,  the  principal  interest  lies  in  the  effect  of 
the  area  expansion  on  the  flow  A  result  of  tne 
non-existence  of  separation  regions  m  the  flow  is  that 

its  calculation  is  amenable  to  marching  techniques.  The 

measurements  of  laminar  and  turbulent  flows  can  t>e  used 

to  assess  the  numerical  accuracy  of  calculation  methods 
and  the  suitability  of  turbulence  models  respectively. 

The  flow  configurations  and  the  experimental 
apparatus  and  techniques  are  described  briefly  m  the 
following  section  The  results  from  tne  flow 

measurements  are  presented  in  Section  3  and  discussed  m 
Section  4  A  list  of  the  most  important  findings  is 

given  in  Section  5 


2  FLOW  CONFIGURATION  AND  INSTRUMENTATION 
2  1  Flow  Configuration 

The  S-dlffuser  is  shown  in  Figure  l  together  with  the 
coordinate  system  adopted.  The  test  section  was 
constructed  from  two  22  5  degree  bends  of  280mm  mean 
radius  of  curvature:  the  cross-section  of  the  bends 
expanded  linearly  with  downstream  distance  on  botn  curved 
surfaces  to  a  rectangle  (40*0  1x60*0  1mm)  at  tne  exit 
after  45  degrees  of  expansion,  with  an  exit-to-miet  area 
ratio  of  15  The  ratio  of  the  overall  duct  length  to 
the  centre-line  displacement  was  5.2  The  dimensions  of 
the  upstream  and  downstream  tangents  matched  cioseiy  (to 
within  *0  imm)  those  of  the  diffuser  inlet  and  exit  and 
there  were  no  surface  discontinuities  at  the  inflexion 
plane  or  elsewhere  in  the  duct.  Apart  from  those  related 
to  the  area  expansion,  ail  other  dimensions  of  the  test 
section  were  identical  to  those  used  by  Tayior  et  al 
(1982a).  The  C-shaped  diffuser  was  assembled  with  the 
two  22  5°  sectors  joined  so  that  they  formed  a  undirec- 
tional  bend  rather  than  the  double  curve  of  tne  S 

The  coordinate  system  is  also  identical  to  that  used 
by  Taylor  et  al  (1982c).  Streamwise  distance  is  measured 
along  the  centre-line  in  hydraulic  diameters  of  the 
upstream  tangent  (Dh*0  Mm)  from  the  inlet  plane  where 
the  expansion  begins  Radial  distance  is  measured  from 
the  outer  wall  of  the  bend  ( inner  wall  of  the  second 
bend  in  the  case  of  the  S)  and  spanwise  distance  from 
the  symmetry  plane.  The  flow  rate  was  measured  by 
precision  bore  flowmeters,  and  experiments  were  made  m 
both  bends  at  Reynolds  numbers,  based  on  tne  hydraulic 
diameter  and  bulk  velocity  (Vg)  at  the  upstream  tangent 
of  790  and  40000.  corresponding  to  Dean  numbers  of  212 
and  10690  for  the  laminar  and  turbulent  flows 
respectively.  Water  was  employed  as  the  working  fluid  so 
that  the  same  Reynolds  numbers  could  be  oDtameo  at  a 
scale  much  smaller  than  that  achieved  in  air  and  to 

allow  a  high  measurement  accuracy 

2  2  Laser-Doppler  velocimeier.  Experimental  Procedure  A 
Accuracy 

The  laser-Doppier  veiocimeter  was  of  the  dual-beam 
fringe  type  and  operated  m  forward  scatter 

Measurements  were  made  in  three  directions  ( 0°  *45°  to 
the  local  streamwise  direction)  m  the  x-r*  plane  at  each 
measurement  point  with  the  beams  entering  through  the 
side-wall,  and  the  Doppler  frequencies  measured  were 
resolved  to  provide  the  local  streamwise  (U.U  and  u)  and 
radial  (v.v  and  v)  components  and  the  uv  cross-corre¬ 
lations  The  spanwise  components  (W  and  w)  were 
measured  with  the  beams  entering  through  the  curved  wans 
at  r**o  0  m  me  r*-a*  plane  Tne  refraction  due  to  the 
curvature  of  the  wall  although  small,  was  accounted 
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for  In  the  location  of  the  measurement  points  Frequency 
shifting  was  used  only  for  tne  measurement  of  tne 
spanwise  component  Frequency  tracking  demodulation  was 
used  to  process  tne  measured  Ooppier  frequencies  The 

optical  ano  signal  processing  systems  nave  Deen  descrioed 
m  detail  By  Taylor  et  ai  <  1982c)  .  together  with  the 

sources  and  estimates  of  experimental  error  in  Brief, 

systematic  errors  in  me  mean  velocities  are  generally  of 

tne  order  of  l%  rising  to  2-3%  in  tne  regions  of  steep 
velocity  gradients  near  tnd  walls.  The  principal 

characteristics  of  tne  optical  system  are  given  in  the 
Table  oeiow 


Characteristics  of  tne  optical  arrangement 


Focal  length  of  imaging  lens  (n)  200 

Half-angle  of  intersection  9.3° 

Fringe  separation  (line-pair  spacing)  2m 

Hueber  of  fringes  in  measuring  volume  86 

Intersection  volume  diameter  calculated  at  1/e2 

intensity  (ms)  0.167 

Intersection  volume  length  calculated  at  1/e2 

intensity  (n)  1.357 

Phot  (multiplier  pinhole  diameter  (on)  0.50 

Transfer  constant  (Miz/ma~l)  0.510 


laser-Ooppier  velocity  measurements  were  obtained  in  the 
S-diff  user  at  five  streamwise  stations  within  the 
diffuser  for  the  turbulent  flow,  namely,  at  0  0  (inlet 
plane).  1.65.  2.50.  3  85  and  5.50  (exit  plane)  hydraulic 
diameters  from  ihe  entrance  plane  of  the  diffuser,  and  at 
three  stations  for  the  laminar  flow,  namely,  at  the  0.0. 

2.  50  and  5.  50  hydraulic  diameter  stations.  To  save  space, 
measurements  in  both  regimes  are  reported  at  only  three 
stations.  In  the  C-shaped  diffuser  measurements  were 
made  in  laminar  and  t urouient  flow  at  the  symmetry  and 
exit  planes  only 

Wail  static  pressures  were  measured  with  a 

differential  micro-manometer  for  the  turbulent  flow  cases 
only  as  the  pressure  differences  were  too  small  tor 

reliable  measurement  in  laminar  flow.  The  wall  pressures 
were  measured  at  six  streamwise  stations,  located  at  1.1. 
2.2.  3.3  and  4.4  Oh  from  the  diffuser  inlet  and  at  10  Oh 
upstream  of  the  entry  and  10  Oh  downstream  of  the  exit. 
Within  the  diffuser.  measurements  were  obtained  at 
r*«0  0.  0.1.  0  3.  0  5.  0,7.  0  9  and  1  0  at  each  station. 
Flow  visualization  was  used  to  obtain  a  qualitative 

description  of  the  flow.  The  hydrogen  bubble  technique 
and  dye  iniection  were  used  to  determine  and  cdnfirm  the 
laminar  and  steady  nature  of  the  flow  at  the  lower 
Reynolds  number  and  to  establish  that  no  recirculation 

regions  were  present  in  either  flow  regime.  Cine  and 
still  photography  recordings  were  made  of  the  flow 

visualization  carried  out  with  hydrogen  bubbles. 

Measurements  were  made  on  both  sides  of  the  symmetry 
plane  m  all  the  flows  and  showed  that  the  flows  were 

symmetrical  within  the  precision  of  the  measurements. 


3.  RESULTS 


3  1  S-Dlffuser:  Laminar  Flow  Results 

Visualization  of  tne  flow  revealed  that  the  profile 
on  the  symmetry  plane  at  the  inlet  is  nearly  symmetric  at 
Re*790.  but  there  is  considerable  acceleration  of  the 
flow  near  the  outer  (concave)  wail  and  deceleration  along 
the  inner  wan  of  the  first  Bend  by  Xh*i  i  The  same 
trend  continues  further  downstream,  with  tne  velocity 
maximum  on  tne  symmetry  plane  following  an  almost 
straight  path  through  the  diffuser  in  the  near- 
wall  region,  visualization  showed  that  the 


secondary  flow  is  directed  towards  tne  inn?'  wall  of  the 
first  bend,  outer  wall  of  the  second  bend,  from  Xh=i  i 

to  Xh*4  4  d  e  the  secondary  flow  due  to  the  curvature 

of  the  first  bend  persists  well  into  the  second  send) 
After  Xh=4  4.  the  flow  is  re-directed  towards  tne 

opposite  wall  (at  r*=0.  0)  due  to  the  change  in  tne 
direction  of  the  pressure  gradient  in  the  second  bend 

The  laminar  flow  velocity  measurements  are  presented 
in  figures  2  and  3  as  streamwise  component  isotacns  and 
radial  component  profiles,  with  the  values  normalised  oy 
the  bulk  velocity  at  the  upstream  tangent.  V6=0  0198m/s. 
The  boundary  layer  thicknesses  at  the  diffuser  inlet, 
defined  at  0  95  of  tne  maximum  velocity.  are 
approximately  25%  of  the  hydraulic  diameter 

The  flow  in  the  inlet  plane  is  slightly  asymmetric, 
with  the  maximum  velocity  located  near  r"*0  55  in  the 
symmetry  plane.  (Figure  2(i))  The  radial  velocities  at 
the  inlet  (Figure  3 C i ) )  are  always  in  the  same  direction 
towards  the  inner  wall  of  the  first  bend:  the  radial 
components  in  the  high  streamwise  velocity  "core"  flow 
are  small,  about  0  015  Vg.  but  in  the  boundary  layer 

fluid  near  the  side  wall  they  increase  to  about  0  06  Vb 

By  the  second  measurement  station,  at  XH=2.  50.  tne 
core  flow  is  moving  rapidly  towa  •  the  outer  wall 

(r*»0  0)  and  low  speed  fluid  ac cun  m  near  the  inner 

wall.  (r**l.0>.  figures  2(ii)  ar  3(ii>  At  this 

station,  the  secondary  flow  due  to  luct  curvature  and 

the  cross-flow  due  to  the  movemen  'he  hign  velocity 
core  (also  observed  m  the  flow  vist  stion)  complement 
each  other  and  result  in  measured  l  velocity  maxima 

of  approximately  0  4  vb  near  me  syrr  "ane 

The  flow  at  the  diffuser  ex  re  2(iii)>  is 

characterised  by  an  extensive  low  ..y  region  near 

the  outer  wall  of  the  second  oend  i  he  change  in  the 

sign  of  au/az  at  r**0. 5  and  z*«0  5.  and.  tnerefore.  in 

the  sign  of  the  cross-stream  vorticity.  results  in  the 
persistence  of  the  secondary  flow  generated  in  the  first 

bend  near  the  r**l  0  wall  (figure  3 ( iii)  >  Near  the 
opposite  wall  and  the  side-wall  however  the  onset  of 
me  secondary  flow  in  the  opposite  direction  is  evident 
due  to  the  curvature  of  the  second  oend 


3.  2  S-Dittuser:  Turbulent  Flow  Results 

The  measurements  of  the  mean  velocity  components, 
normalised  by  the  bulk  velocity  at  the  upstream  tangent. 
Vo*1.0  m/s.  are  shown  in  figures  4  and  5.  Wall  pressure 
measurements  are  presented  in  figure  6(i)  and  the 
turbulence  quantities  and  cross-correlations  for  two  of 
the  measurement  stations  are  shown  in  figure  7 

The  flow  at  me  inlet  to  the  diffuser  (figure  4(D) 
is  similar  to  mat  in  the  laminar  flow  case:  me  flow  is 
nearly  symmetric  with  the  velocity  maximum  located  at 
about  r*»0. 55.  and  the  radial  velocities  (figure  5(D) 
are  comparable  to  those  presented  in  the  previous 
section.  However,  there  is  a  much  larger  "core"  flow 
region,  and  the  boundary  layer  thickness  at  the  inlet  is 
0.  15  Oh  for  the  turbulent  case  There  are  differences 
also  in  the  migration  of  the  core  flow  (from  r**0.  5  at 
the  inlet  to  r**0  35  at  the  exit)  which  is  found  nearer 
the  duct  centre-line  at  the  exit  man  was  the  case  in  the 


rigure  1  rlow  configuration  and  definition  of 


co-ordinates 


(iii)  XH  -  5.5 

Figure  2  S-diffuser;  laminar  flow,  isotachs 
of  U/v. 


(iii)  XH  -  5.5 

Figure  4  S-diffuser:  turbulent  flow,  isotachs 


(in)  XH  -  5.5 

Figure  5  S-diffuser;  turbulent  flow,  profiles 
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laminar  flow  Tne  low  velocity  region  near  me  r**i  o 
wall  it  smaller  in  turbulent  flow  ana  tne  radial 
velocity  magnitudes  (figure  5)  did  not  exceed  0  15  Vg. 
Tne  smaller  secondary  flow  generation  is  mainly 
attributed  to  tna  thinner  inlet  Boundary  layers,  and  is 
m  accordance  witn  tne  findings  of  Taylor  et  ai 

(I982a.c> 

The  development  of  the  flow  m  the  diffuser  is 
similar  to  mat  m  the  laminar  flow,  but  with  generally 
smaller  radial  valocitias  in  the  turbulent  case  (cl 
figures  3  and  5)  The  persistence  of  tne  secondary  flow 
generated  m  the  first  bend  can  ba  observed  at  the 

diffuser  exit  at  r*«0.  9  (figure  5 <  lit)  >  as  m  the  laminar 

case  The  centre-line  developments  of  the  U.  u  and  V  and 
v  were  also  measured.  The  diffuser  centre-line  is  always 
contained  within  the  high  velocity  core  flow  region  The 
variations  in  u  and  v  ara  consequently  small  and  U 

decreases  with  downstream  distance  as  the  diffuser  area 
increases.  The  variation  of  v  indicates  me  reversal  of 
the  core  flow  radial  velocity  near  the  inflexion  plane, 
m  an  abrupt  alteration  of  trend  from  decreasing  to 
increasing  magnitude. 

Spanwise  mean  velocity  components  were  measured  at 
station  2.  and  at  0.25  Oh  downstream  of  the  exit  plane 
The  spanwise  profiles  could  be  measured  only  up  to  2**0  5 
because  of  restricted  optical  access  near  the  side-walls. 
The  spanwise  velocity  did  not  exceed  0  05  Vg  which  is 
significantly  less  than  the  radial  component 

The  wail  static  pressure  measurements  for  turbulent 
flow  are  shown  in  figure  5(i).  The  pressure  gradients 
set  up  by  each  one  of  the  diffusing  bends  can  be 
distinguished  and  are  separated  near  to  the  inflexion 
plane.  In  the  first  bend.  the  streamwise  pressure 

gradients  are  very  steep  away  from  the  inner  (r*-l.0> 
wail  for  the  first  18°  of  turning.  The  pressure  recovery 
across  the  diffuser  is  of  the  order  of  0.  2p  V(,2  Taxing 
mto  consideration  me  pressure  drop  of  0.  1 2p  Vb2 
measured  in  the  constant  area  S-duct  of  Taylor  et  al 
(1982a).  the  total  pressure  recovery  is  comparable  to 
those  m  straight  diffusers  of  similar  area  expansion 
(Ward-Smith.  I960) 

The  uv  cross-correlations  are  presented  in  figure 
7(>)  and  (ii)  and  show  a  maximum  of  around  0.0015  Vb2 
near  the  r*»0  0  wall.  The  turbulence  levels  for  the 

streamwise.  radial  and  spanwise  components  are  presented 
in  figures  7(  iii)--(viii)  .  Streamwise  levels  reach  maxima 
of  0  08-0  09  Vb  near  the  side-walls  with  the 
corresponding  radial  and  spanwise  levels  being  generally 
lower,  rising  to  about  0.  06  Vb  near  the  walls.  In  the 

core  flow  region  the  levels  do  not  exceed  0.  02  Vb  The 
distributions  of  all  three  components  are  similar  and 
show  maxima  near  the  r*=l  0  wall  where  there  is  consi¬ 

derable  re-distribution  of  the  streamwise  isotachs. 

Measurements  of  the  streamwise  components  were  also 
made  at  the  symmetry  plane  at  Re-10.000  and  confirnmed 
the  similarity  of  the  flow  patterns  throughout  the 
turbulent  regime:  the  inlet  boundary  layers  were  about 
i-2%  thicker  with  the  lower  Reynolds  number  and  the  mean 
components  were  within  3-4%  of  those  measured  at 
Re-ao. 000 


3  3  C-Oiffuser  Laminar  and  Turbulent  Flow  Results 

Measurements  were  made  m  the  symmetry  plane  and  the 
exit  plane  of  tne  unidirectional  45  degree  diffuser  at 
Re-T90  and  40.000  The  streamwise  component  isotachs  and 
radial  component  profiles  are  presented  in  figure  8  and 

may  be  compered  with  figures  2(iii)  and  3(iii)  for 
laminar  flow  and  4(iii)  and  5(m)  for  turbulent  flow  for 
the  corresponding  measurements  m  the  S-diffuser  The 
turbulence  quantities  measured  show  qualitative  and 

quantitative  similarities  witn  those  in  the  S-diffuser 
and  are  not  presented  The  streamwise  isotachs  (figure 

8(i>  and  ( in >  >  indicate  the  migration  of  the  high 
velocity  core  towards  the  outer  wan  of  the  diffuser, 
while  significant  deceleration  of  the  flow  is  evident 
along  the  inner  wail  The  distortion  of  the  isotachs 

near  the  convex  wan  is  more  pronounced  than  at  the  exit 
plane  o*  the  S-diffuser  m  both  me  lamnar  and 
turbulent  flows,  the  velocities  at  r*»o  9  on  tne  symmetry 
plane  are  about  nail  those  measured  m  tne 
doubly-curved  duct  indicating  mat  detachment  of  tne 


flow  is  more  likely  in  tne  unidirectional  o.'iusor 
Symmetry  plane  measurements  snowed  that  tne  development 
of  the  flow  m  the  first  22  5°  is  very  similar  m  ooth 
ducts  and  quantitative  differences,  aitnougn  small  are 
evident  in  the  second  bend 

The  cross-stream  flow  pattern  (see  figure  8(n)  and 
(iv))  is  similar  to  mat  encountered  m  unidirectional 
bends  with  near-wall  maxima  of  about  0  15  Vb  wmcn  may  be 
compared  with  maxima  of  about  0  25  Vb  measured  at  the  45° 
plane  of  the  constant  area  duct  of  Enayet  et  ai  (1982)  of 
me  same  curvature  The  reduction  of  me  secondary  how 
magnitudes  with  the  expansion  in  the  cross-section  is  in 
agreement  with  the  findings  of  McMillan  0982)  m  a  40° 
curved  diffuser 

Measurements  in  the  symmetry  plane  at  x^-O  0.  2.5  and 
5.5  in  both  diffusers  in  laminar  flow  showed  that  the 
inlet  profiles  are  identical  (to  within  tne  accuracy  of 
tne  measurement)  but  the  velocity  maximum  is  nearer  the 
r*«l  0  wall  at  Xh-2  5  and  nearer  me  r*=o  0  wall  at 
Xh«5.  5  in  the  unidirectional  duct,  indicating  a  very  fast 
growth  of  the  slow  flow  region  near  the  convex  wall 
Comparison  of  the  laminar  and  turbulent  flow  profiles  m  the 
C-dlffuser  shows  that  tne  nigh  velocity  core  is  located  much 
nearer  the  concave  wall  at  tne  exit  in  the  laminar  case, 
and  the  cross-stream  velocities  in  the  near-stagnant 
region  in  the  vicinity  of  the  convex  wall  are  almost 
zero  The  maxima  of  the  radial  velocities  are  similar 
with  both  Reynolds  numbers. 

The  wall  static  pressure  measurements  tor  the 
turbulent  flow  case  are  shown  in  Figure  6 ( ii >  The 

pressure  recovery  in  both  diffusers  is  similar  about  one 

fifth  of  the  velocity  head 


4  DISCUSSION 

The  principal  interest  of  tne  present  investigation 
lies  in  me  determination  of  the  influence  of  the 
expansion  m  area  on  tne  flows  in  S-  and  C-snaped 
passages.  Cross-stream  flows  are  produced  in  a  sigmoid 
diffuser  due  to  the  curvatures  of  the  constituent  bends, 
and  are  influenced  by  the  area  increase  The  cross- 
flows  due  to  the  area  increase  in  a  two-dimensional 
straight  diffuser  are  directed  away  from  the  centre-line 
in  radial  planes  and  can  readily  be  estimated.  By 
considering  the  re-direction  of  the  streamlines,  to  be  no 
more  than  a  lew  per  cent  of  the  bulk  velocity,  while  the 
pressure-driven  secondary  flows  measured  previously  in 
the  constant  area  C-duct  and  S-duct  were  of  the  order  of 
0.25  and  0  15  Vb  respectively  However  the  flow 
behaviour  in  the  diffusers  cannot  be  explained  simply  on 
the  basis  of  the  cross-flows  as  the  migration  of  the 

core  flow,  and  the  accumulation  of  low  velocity  fluid  on 
the  r*=1.0  wall  complicate  the  processes  involved  The 
effects  of  curvature  on  the  cross-stream  flows  dominate 
those  due  to  the  area  expansion  and  the  two  flow  me¬ 
chanisms  complement  or  counteract  each  other  depending  on 
the  location  in  the  duct.  In  the  turbulent  regime, 
helped  by  the  thinner  boundary  layers,  the  flow  behaviour 
is  more  akin  to  potential  flow.  with  tne  core  lying 

closer  to  the  inner  wall  at  the  inlet  of  the  diffusers 
and  migrating  in  an  almost  straight  line  path  through  the 

ducts  Cross-stream  velocities  are  in  general  larger  in 
the  laminar  flow  cases,  mainly  due  to  the  thicker  inlet 

boundary  layers.  The  radial  velocities  are  larger  in  tne 
symmetry  plane  of  the  S-shaped  diffuser  than  in  a  uniform 
area  S-duct.  due  to  the  core  migration,  near  the  side- 
walls  the  cross-stream  velocities  are  of  similar  magni¬ 
tude  in  the  first  bend  of  both  geometries.  but  are 
generally  smaller  in  the  second  sector  of  the  diffuser 
This  last  observation  is  consistent  with  the  patterns 
revealed  by  the  flow  visualization,  m  that  the  onset  of 
the  secondary  flow  due  to  the  second  curvature  occurs 

further  downstream  in  the  diffusing  duct 

The  secondary  flows  measured  in  both  the  S-shaped  and 
the  unidirectional  diffusers  are  larger  than  those  m  the 
40°  curved  diffuser  of  McMillan  (1982):  this  is  likely  to 
be  a  result  of  the  i  5  cross-sectional  aspect  ratio  at 

the  inlet  of  the  latter  geometry  The  aspect  ratio  of 

the  duct  influences  the  generation  and  importance  of  the 
secondary  flows  since  if  the  larger  dimension  is  in  the 
spanwise  direction  (as  in  McMillans  geometry)  the 
vortices  generated  are  located  nearer  the  side-wails  and 
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do  not  affect  as  much  of  the  flow  cross-section  The 

influence  of  cross-sectional  snape  on  the  flow  is 
currently  been  investigated  in  a  similar  S-diffuser  of 
circular  cross-section 

Separation  is  more  likely  in  the  C-ditfusar  as  a 
result  of  the  dependence  of  the  snape  of  the  boundary 

layer  velocity  profile  on  the  pressure  gradient  which, 

along  the  wall  at  r*«i.  0  in  a  C-dlffuser  is  more  adverse 

than  m  the  S-diffuser  (see  Fig.S(ii)  and  McMillan. 

(1982))  Before  any  significant  accumulation  of  boundary 
layer  fluid  is  made  along  the  r*=i.O  wall  (up  to.  say. 
Xh*i  65) .  the  boundary  layer  thickness  on  the  concave 

wall  increases  (a  potential  flow  effect  due  to  the 
streamwise  pressure  gradient)  while  that  on  the  convex 
wall  decreases  and  thus  the  tendency  to  recirculate  along 
the  inner  wall  is  suppressed.  After  Xh*i  65  this  trend 

is.  however,  reversed.  A  l-2mm  wide  region  of  transitory 
stall  was  observed  at  r*«l.  0.  Xh»4.  4  in  the  turbulent 

regime  in  the  C-diffuser. 

The  efficiency  of  the  pressure  recovery  in  curved 
diffusers  is  affected  by  the  inlet  boundary  layer 

thickness  (see  Schlichting.  1979):  a  typical  value  of  the 

efficiency  in  unidirectional  diffusers  geometrically 
similar  to  the  present  ones  but  with  thinner  layers  is 
0.  7.  while  both  the  S-and  C-diffuser  have  an  efficiency 
of  0.  66.  Surprisingly,  the  recovery  in  the  45° 

C-diffuser  is  greater  (by  15%)  than  that  in  the  40  degree 
case  of  McMillan  with  smaller  inlet  boundary  layers 
(O.OSOh)  The  pressure  continues  to  recover  one 
hydraulic  diameter  downstream  of  the  exit,  in  accordance 
with  observatlonss  in  straight  diffusers  (Ward-Smith. 

|  1980)  . 

The  turbulence  structure  is  similar  in  both 

diffusers.  Turbulence  levels  are  in  general  lower  in  the 

diffusing  ducts:  the  measured  maxima  of  u  are  of  the 
order  of  0.09  Vb  compared  with  e.  g  0  15  Vb  in  the 
S-duct.  but  the  differences  in  the  v  and  w  levels  are 
less  pronounced.  The  maxima  of  the  uv  cross-correlations 
are  approximately  half  those  measured  in  constant  area 
!  ducts  (0.003  Vb2)  .  Small  turbulence  levels,  of  up  to 

0.02  Vb  are  present  in  the  core  region,  and  rise  to 
maxima  in  the  boundary  layers.  increased  turbulent 
mixing  occurs  along  the  concave  (r*«0  0)  wall  of  both 
diffusers  around  the  inlet  where  the  boundary  layer  grows 

faster  than  on  the  convex  side.  After  the  inflexion 

plane  of  the  S-diffuser.  high  values  are  to  be  found  near 
the  r*=l.O  wall  also,  while  the  turbulence  generated  at 

|  the  opposite  wall  in  the  first  bend  persists.  The 

!  near-wail  values  of  the  fluctuations  are  similar  to  those 

measured  in  the  40°  diffuser  of  McMillan  (1982)  and  over 
a  flat  plate  (Klebanoff.  1955).  with  maxima  of  about  0.08 
Vb. 

The  generally  small  magnitudes  of  the  turbulence 
quantities  and  the  existence  of  an  extensive  core' 

region  where  potential  flow  effects  are  predominant, 
suggest  that  the  use  of  a  simple  Prandtl-Kolmogorov 
I  relationship  (see  levy  et  al.  1983)  may  be  adequate  and 

appropriate  for  the  representation  of  turbulence  effects 

in  the  calculation  of  the  flow  Although  the  turbulence 
structure  is  important,  it  does  not  introduce  any  new 
features  in  comparison  with  the  non-diffusing  bend  flows. 
More  detailed  consideration  of  the  turbulence  structure 
may  be  necessary,  however,  to  represent  the  properties  of 
the  near-wall  region. 

I 

5.  CONCLUDING  REMARKS 


with  a  single  sense  of  rotation  are  present  in  both  flow 
regimes,  and  they  reacn  maxima  of  arouna  0  2  ana  0  1 5  vb 
m  the  laminar  and  turbulent  cases  The  existence  of 
larger  radial  velocities  in  tne  laminar  flow  is  attri¬ 

buted  partly  to  the  thicker  inlet  boundary  layers 

3.  The  flow  m  tne  diffusers  is  qualitatively  similar  to 

that  in  constant  area  ducts.  The  cross-stream  velocity 
magnitudes  are  generally  higher  near  the  symmetry  plane 

in  the  diffusing  S-duct  due  to  the  core  flow  migration, 

but  the  secondary  flows  near  the  side-wall  are  quanti¬ 
tatively  similar  in  both  configurations  in  the  first  bend 

but  smaller  in  the  second  naif  of  the  diffuser  in  the 

C-dlffuser  the  cross-flows  are  nearly  half  of  those 
measured  in  corresponding  constant  area  ducts. 

4.  The  pressure  recovery  across  both  diffusers  is  about  a 
fifth  of  the  velocity  head. 

5.  The  turbulence  quantities  measured  m  both  diffusers  are 
smaller  than  those  encountered  in  constant  area  ducts. 

6  This  paper  presents  benchmark  measurements  against 
which  the  results  of  flow  calculations  may  be  compared 
The  results  indicate  that  marching,  techniques  employing  a 
simple  representation  of  turbulence  may  be  adequate  for  the 
calculation  of  the  flows 
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ABSTRACT 

To  investigate  the  stabilizing,  destabilizing  and 
secondary  flow  effects  of  the  streamline  curvature  on 
laminar  and  turbulent  wakes ,  qualitative  and  quantitative 
experiments  were  performed  by  a  smoke-wire  visualization 
technique,  a  hot-wire  anemometer  and  a  signal  analyser. 
From  the  experimental  results,  the  development  of  the 
turbulent  wake  was  found  to  be  promoted  due  to  the  de¬ 
stabilizing  effect  and  suppressed  due  to  the  secondary 
flow  effect. 

INTRODUCTION 

The  effects  of  Coriolis,  buoyancy  and  centrifugal 
forces,  wherein  the  last  force  is  derived  by  Che  stream¬ 
line  curvature,  on  the  shear  flows  are  very  Interesting 
problems  lnphsics,  engineering  and  environmental  sciences. 
The  wall  known  exaaiples  are  turbulent  boundary  layer  on 
a  curved  wall  and  a  rotating  wall ,  a  curved  mixing  layer 
and  a  turbulent  shear  flow  in  thermally  scracif led  field. 
The  apparent  analogy  between  the  effects  of  those  forces 
has  been  mentioned  by  Bradshaw[l].  From  many  experimen¬ 
tal  studies  concerning  these  flows [2-16],  the  phenomena 
due  to  Che  effects  may  be  summarized  as  follows. 

(1)  Promotion  and  suppression  of  che  development  of  two- 
dimensional  laminar  and  turbulent  boundary  layers, 

(2)  Generation  of  a  Taylor-Goertler  type  longitudinal 
vortices  in  a  turbulent  boundary  layer  and  a  large-scale 
vortices  in  a  channel . 

The  phenosttna  (1)  and  (2)  are  due  to  che  stabilizing  and 
destabilizing  effects  and  due  to  the- secondary  flow  ef¬ 
face  respectively.  For  example,  in  a  curved  flow,  if 
there  is  a  velocity  gradient  in  the  transverse  direction 
the  motion  of  the  fluid  particles  are  stabilized  in  the 
shear  flow  with  positive  velocity  gradient  as  compared 
with  Chat  of  the  curved  potential  flow,  and  is  destabi¬ 
lized  with negacive  velocity  gradient.  Therefore,  these 
are  defined  as  the  stabilizing  and  destabilizing  effects 
of  the  streamline  curvature.  If  there  is  a  velocity  gra¬ 
dient  in  the  spanwise  direction,  a  secondary  motion  is 
arlsed  because  of  an  unblance  between  a  centrifugal  force 
due  to  che  streamline  curvature  and  a  pressure  gradient 
force  towards  the  centre  of  curvature.  Therefore,  this 
is  defined  as  the  secondary  flow  effect  of  the  stream¬ 
line  curvature. 

The  majority  of  the  experimental  results  for  che 
boundary  layer  development  on  a  curved  wall  showed  the 
coupled  effects  of  stability  and  secondary  flow,  espe¬ 
cially,  in  the  curbulenc  boundary  layer  on  a  concave  wall. 
Taylor-Goertler  type  vortices  were  generated  in  che  tur- 
bulenc  boundary  layer  on  a  concave  wall  and  will  be  broken 
up[16].  Consequently,  the  development  of  the  turbulent 
boundary  layer  will  be  promoted  considerably. 

The  objective  of  che  present  study  is  to  make  clear 
the  stabilizing,  destabilizing  and  secondary  flow  effects 
of  the  streamline  curvature  on  turbulent  shear  flows. 


Thus,  qualitative  and  quantitative  experiments  were  per¬ 
formed  on  laminar  and  turbulent  wakes  behind  a  circular 
cylinder  which  was  spanned  transversely  and  spanwisely 
a  curved  potential  flow  field. 

Studies  on  a  curved  turbulent  mixing  layer  by  Margolis 
and  Lumley[17] ,  on  a  flow  around  a  sphere  placed  in  a  ro¬ 
tating  curved  potential  flow  by  Fette[18],  on  a  turbulent 
wake  behind  a  cascade  of  blades  by  Raj  and  Lakshminarayana 
[19]  and  on  a Karman  vortex  street[20,21]  were  available 
for  the  present  experimental  study. 

APPARATUS  AND  TECHNIQUES 


A  streamwlse  cross  section  of  a  wind  tunnel  employed 
in  the  present  study  is  shown  in  Fig.  1.  Air  is  deliv¬ 
ered  to  the  wind  tunnel  by  a  fan  blower,  having  a  capac¬ 
ity  of  0.5  nP/s  at  a  delivery  pressure  of  980  Pa.  The 
air  flows  through  a  rectification  chamber  to  a  test  chan¬ 
nel  via  a  converging  nozzle  of  1  to  19.8.  The  chamber 
is  made  up  of  several  layers  of  haneycomb  flow-scraight- 
eners  and  screens.  Straight  and  curved  channels  were 
employed  as  the  tese  channel  to  produce  two-dimensional 
straight  and  curved  potential  flow  fields.  The  channels 
have  a  dimension  of  280  am  x  50  as  and  its  length  is  210 
an.  The  radius  of  curvature  of  the  curved  channel  is 
200  oso.  A  circular  cylinder  was  spanned  transversely 
and  spanwisely  at  5  on  upstream  of  the  test  channel  to 
genetate  laminar  and  turbulent  wakes  in  potential  flow 
field.  Fixing  condition  of  the  cylinder  is  having  a  fine 
effect  on  che  wake  development  at  lower  Reynolds  numbers. 
Therefore,  the  present  experiment  was  performed  by  chang¬ 
ing  the  test  channel  as  the  cylinder  was  fixed.  The  au¬ 
thor  sought  to  clarify  the  effects  of  streamline  curva¬ 
ture  on  the  wake  behind  a  circular  cylinder  by  comparison 
between  the  experimental  results  for  che  cases  of  straight 
and  curved  channels - 

Fig.  2  shows  the  schematic  diagram  of  a  measuring 
systmn  employed  in  the  present  scudy.  A  constant  tem¬ 
perature  anemometer (KANAMAX,  7000)  with  a  5  urn  tungsten 
hot-wire  was  used  for  the  time-mean  and  fluctuating  ve¬ 
locity  measurements.  A  hot-wire  sensor  can  be  moved  con¬ 
tinuously  along  the  transverse,  streamwlse  and  spanwise 
directions  by  a  controlled  traversing  mechanism.  Output 
of  a  multiple  cum  potentiometer  which  indicates  the  hot¬ 
wire  poslcion,  d.c.  signal  and  a. c.  signaltthe  root  mean 
square  of  the  fluctuations)  of  the  hot-wire  anemometer 
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Fig.  2.  Schematic  diagram  of  auiucmnci 

are  recorded  on  X-Y  recorders  (YEW,  3063).  Ant.c.  signal 
was  alio  £ od  to  a  12  bit  signal  analysar  (IWATSU,  SM-2100A) 
by  which  frequency  spectrum  was  obtainad.  Tha  results 
wara  storad  on  tha  oagnatic  dish  and  recorded  on  an  X-Y 
plotter (IWATSU,  DPL-3321). 

Mean  velocity  components  and  Reynolds  shear  stress 
measurements  wara  carried  out  by  a  following  method.  Six 
different  hot-wires  having  an  angle  with  scream  were  intro¬ 
duced  instead  of  a  single  rotatable  hot-wire [ 22 ] .  The 
wires  were  moved  vertically  by  the  traversing  mechanism. 
Data  reduction  was  performed  utilizing  the  equations  de¬ 
rived  by  Fujlta  and  Kovasznay[22] . 

Flow  visualization  is  one  of  effectual  methods  in 
experimental  fluid  mechanics.  Using  a  smoke-wire  method, 
one  of  the  flow  visualization  techniques,  the  flow 
behind  a  circular  cylinder  was  also  studied.  A  Nichroms 
wire  of  0.1  n  diameter  is  placed  perpendicularly  to  the 
flow  and  the  circular  cylinder.  The  wire  is  painted  with 
liquid  paraffin.  White  color  mist  is  produced  by  a  strong 
electric  current  through  the  wire.  Photographs  of  top, 
side  and  front  views  are  taken  by  cameras  shown  in  Fig.  2. 

Reynolds  number ,  Re  •  U^d/v,  based  on  the  diameter, 
d,  of  a  circular  cylinder  and  Che  free  stream  velocity, 
Ui ,  upstream  of  the  cylinder  was  chosen  for  the  teat  con¬ 
ditions.  The  free  stream  velocity  is  measured  by  a  hot¬ 
wire  and  a  Pitot  tube  at  50  mm  upstream  of  the  cylinder, 
and  is  controlled  by  changing  the  rotational  speed  of  the 
fan  blower. 

RESULTS  AND  CONSIDERATION 


Fig.  4.  Generation  of  secondary  vortidty 

were  T  denotes  velocity  vector  with  components  u,  v  and 
w  in  the  azimuthal,  radial  and  axial  coordinates,  and 
(n,  t,  k)  denote  the  unit  vectors  in  the  respective  di¬ 
rections.  The  2nd  and  3rd  terms  of  left  side  of  equation 
(1)  mean  the  centrifugal  and  Coriolis  accelerations. 
These  terms  arise  automatically  on  transformation  from 
rectangular  to  cylindrical  coordinates. 

Taking  the  rotation  of  equation  (1)  we  have  the  fol¬ 
lowing  vector  equation  for  the  vortlclty,  a. 

5F  -  -  lr<T>c  +  +  *  *  0 


It  is  considered  from  equation  (2)  that  the  components 
of  the  vortidty  will  be  changed  due  to  the  velocity  gra¬ 
dients  in  curved  flow[24].  Assuming  that  there  is  a 
two-dimensional  vortex  in  a  curved  potential  flow  field 
as  shown  in  Fig.  4,  vortidty  vector  which  was  directed 
across  the  stream  initially  will  lie  at  angle  to  it  and 
a  streamwlse  component  es  will  be  generated.  In  other 
words,  secondary  flow  shown  by  a  dotted  line  will  be  gen¬ 
erated  in  the  vortex.  Therefore,  this  is  defined  as  the 
secondary  flow  effect  of  the  streamline  curvature. 

First  of  all,  to  Investigate  the  secondary  motion 
generated  in  a  curved  flow,  qualitative  experiment  were 
performed  by  a  smoke-wire  visualization  technique.  Fig. 
5  shows  the  photographs  of  the  instantaneous  smoke-streak- 
llnes  pattern  behind  a  circular  cylinder,  which  was  spanned 
transversely  a  straight  and  a  curved  potential  flow  at 
Reynolds  number,  Re  •  150,  based  on  the  diameter,  d  *  3.0 
mm,  of  the  cylinder.  Smoke-wire  was  placed  at  a  distance 
of  10  Bn  behind  the  cylinder.  In  the  photograph  of  side 


.^i  •  ••  •  «sM  ••  ••• 


Fig.  3.  Strouhal  number  in  terms  of  Reynolds  number 

Fig.  3  shows  the  Strouhal  number,  St,  based  on  the 
shedding  frequency,  f^,  of  a  Kerman  vortex  street  in  the 
flow  past  a  circular  cylinder  in  terms  of  the  Reynolds 
numbers ,  Re.  The  experimental  points  were  obtained  with 
circular  cylinders  of  three  different  diameters  and  at 
different  velocities  in  the  range  of  Reynolds  numbers 
from  about  90  to  2570.  The  shedding  frequency  was  mea¬ 
sured  by  e  signal  analyser.  The  results  obtained  in  the 
present  experiment  agree  with  that  performed  by  Roshko 
[23].  The  Reynolds  numbers  Re  ■  150  and  1500  were  chosen 
for  the  experimental  conditions  of  Karman  vortex  street 
in  laminal  flow  and  evo -dimensional  turbulent  wake  re¬ 
spectively  . 

Secondary  flov  effect 

For  inviscid.  Incompressible  flow  the  equation  of 
in  the  cylindrical  coordinates  is  expressed  as  follows. 


Front  view 
(cutri  3) 


Sid*  vltw(cuHri  2  in  Fig.  2) 
Curved  valte 
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Fig.  5.  Smoke-streaklines  patterns  behind  a  circular  cy¬ 
linder  at  Reynolds  number.  Re  •  150.  Delay  time  ■  10  msec 
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view  lor  eh*  straight  wake,  a  vary  regular  aaysaecrlc 
vortex  pactara,  known  aa  eha  Harman ' I  vortex  acraac,  la 
observed  distinctly.  It  la  alao  observed  chat  tba  moving 
velocity  of  vorticaa  la  alowar  than  eha  free  atraam  ve¬ 
locity.  Tba  ratio  of  tba  apaawlaa  to  tba  longitudinal 
■pacing  of  tba  vorticaa  naar  vaka  of  cha  cylinder  waa 
about  0.3  from  many  phoeographa.  Thia  ratio  abowad  a 
tandancy  to  lncraaaa  downatraam  in  eha  praaant  axperl- 
nant.  For  tha  caaa  of  curved  vaka,  eha  formation  of  aa 
aaymmaerlc  vortax  aeraat  la  not  clear.  In  other  words, 
the  vorticaa  are  breaking  down  In  comparison  with  the 
caaa  of  atralght  wake.  Large-scale  secondary  flow  to¬ 
wards  to  centra  of  the  curvature  la  observed  In  eha  phoeo¬ 
grapha  of  eha  top  and  front  views.  Small-scale  secondary 
flow  In  tha  vorticaa  la  alao  observed  In  the  photograph 
of  top  viaw. 


Straight  wake 
s/d -2 
s/d  -  1 


Front  view 
(oners  3) 


Side  view  leasers  2  in  rig.  2) 
Curved  wake 


Fig.  6.  Photographs  of  flow  behind  a  circular  cylinder 
at  Reynolds  number.  Re  "1500.  Delay  time  •  100  msec 

In  the  wake  behind  a  circular  cylinder  at  higher 
Reynolds  numbers,  the  regular  asymmetric  vortax  pattern 
became  turbulent  and  was  not  observed  by  the  smoke-wire 
visualization  technique.  Photographs  shown  In  Pig.  6 
ware  taken  at  Reynolds  number.  Be*  1500.  In  the  straight 
vaka,  the  velocity  defect  region  la  observed,  while  In 
the  curved  wake  that  la  not  clear.  The  width  of  curved 
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Fig.  7.  Power  spectra  of  fluctuating  velocity  behind  a 
circular  cylinder  at  Re  >  150,  200,  300  and  500 

for  the  case  of  the  curved  wake  are  wider  than  that  of 
the  case  of  the  straight  wake.  The  results  obtained  at 
Reynolds  number  Re  -  150  are  analogous  to  a  frequency  spe¬ 
ctrum  of  an  amplitude  modulated  signal,  eouC ,  expressed 
by  the  following  equation: 

*out  *  KlEsd  +  ncos(2irfst))  ]  •  [Eccos (2xf ct)  ] 

■  l/2-KEsEcm(cos2w(fc  +  fs)t +  cos2v(fc  -  fs)t] 
+  KE„Eccos(2irfct)  . -(3) 

Were  K,  Eg,  Ec  and  m  are  a  constant,  the  modulating  sig- 


waJca  is  narrower  chan  chat  of  straight  wake.  For  the 
case  of  curved  wake,  secondary  flow  cowards  the  centre 
of  curvature  la  observed  In  the  photographs  of  top  end 
front  views.  The  secondary  flow  has  a  maximum  velocity 
at  centre-line  of  the  wake.  Secondary  motion  confirmed 
by  the  visualization  technique  is  predicted  from  the  con¬ 
sideration  of  the  generation  of  cha  secondary  vorticity. 

Fig.  7  shows  cha  power  spectra  of  signal  from  the 
hot-wire  anemometer  for  tha  cases  of  the  straight  and 
curved  wakes  at  Reynolds  numbers ,  Re  ■  ISO ,  200  ,  300  and 
500.  A  hot-wire  was  placed  at  x/d  or  s/d  *  2  end  z/d  •  1 
behind  a  circular  cylinder.  Output  of  10  volt  from  the 
hot-wire  anemometer  Is  equivalent  to  the  velocity  of  10 
m/s  for  cha  power  spectrum  analysis.  The  results  obtained 
here  were  analysed  in  the  range  of  frequencies,  f,  from 
0  to  2  kHz.  Principal,  first  and  second  harmonic  peaks 
of  a  Karmen  vortex  street  are  seen  at  frequencies  f^,  2fk 
and  3ffc  respectively.  A  small  peak  Is  also  seen  at  lower 
frequency,  f(.  The  peak  may  be  a  disturbance,  which  prop¬ 
agate  In  the  streamvise  direction,  due  to  the  surface 
roughness  of  the  cylinder  and  fixing  situation  of  it  in 
channel.  It  was  not  seen  upecream  of  the  cylinder.  Many 
peaks  with  sidebands  are  seen  at  Reynolds  numbers  Re  • 
150  and  200  for  the  case  of  cha  curved  wake.  Tha  full 
widths  of  half  maximum  of  the  principal  and  harmonic  peaks 


Fig.  8.  Distributions  of  power  E(f^)  at  shedding  frequency 
of  Karmen  vortex  street  at  Reynolds  number,  Re  •  150 


nal  amplitude,  the  carrier  amplitude  and  eba  degree  of 
modulation.  Hare  we  have  cbe  band  of  the  carrier  at  fs 
and  the  two  sidebands  at  (fc  +  fs)  and  (fc  -  fs) .  There¬ 
fore,  It  Is  considered  chat  Che  modulating  and  carrier 
frequencies  correspond  to  chose  of  the  disturbance  and 
the  Kerman  vortex  street  In  the  present  experiment. 

tn  che  curved  wake,  a  breakdown  of  shedding  vortices 
was  observed  by  che  smoke-wire  visualization  technique. 
It  Is  very  Important  to  make  clear  the  flow  mechanism 
around  and  just  behind  the  circular  cylinder  because  che 
secondary  flow  Is  related  co  an  integral  value  of  che 
velocity  gradient  In  the  curved  wake.  Therefore,  mea¬ 
surements  of  the  power  spectrum  of  fluctuating  velocity 
were  performed  In  detail  In  the  wake  just  behind  the 
circular  cylinder. 

Fig.  8  shows  che  distributions  of  power  E(fk)  at 
shedding  frequency,  f^,  of  a  Kerman  vortex  street  for  the 
cases  of  the  straight  and  curved  wakes  at  Reynolds  number 
Re  ■  130.  Peak  of  the  power  profile  means  the  centre 
of  the  vortex.  In  the  wake  just  behind  the  cylinder, 
there  is  no  difference  In  the  maximum  power  between  both 
cases.  However,  extension  of  the  shedding  vortices  co¬ 
wards  spsnvlse  direction  Is  suppressed  slightly  in  the 
curved  wake,  and  che  vortices  are  seem  to  be  broken  down 
at  distance  of  about  s/d  -  16. 
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heeo  velocity  distribution*  Turbultnc*  intensity  dl»trlbutlon» 
Fig.  9.  Mean  velocity  and  turbulence  intensity  distribu¬ 
tions  at  Reynolds  number  Re  -  1300 
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Fig.  10.  Distributions  of  transverse  velocity  component 
and  Reynolds  shear  stresses  at  Reynolds  number  Re  •  1500 

curvature  of  the  particle  pathline  and  a  pressure  gradi¬ 
ent  force  towards  the  centre  of  the  curvature  o f  the  pri¬ 
mary  flow.  The  maximum  transverse  velocity  occurs  at 
centre  of  the  wake.  The  results  obtained  here  is  similar 
to  that  on  a  photograph  of  the  front  view(see  Fig.  6.). 
Reynolds  shear  stresses  change  sign  at  centre  of  che  wake, 
and  maximum  stresses  on  either  side  of  centre-line  of  the 
wake  are  Che  same.  Reynolds  stress  uw7Up2  in  the  curved 
wake  is  considerably  small  as  compared  with  that  in  Che 
straight  wake.  Shear  stress  vw/Up2  is  generated  in  the 
curved  wake  due  to  the  spanwise  gradient  of  transverse 
velocity  component. 


x/d,  s/d 


Fig.  11.  Variation  of  mean  velocity  and  turbulence  inten¬ 
sity  at  wake  centre-line.  Reynolds  number  Re  •  1500 


Fig.  9  shows  che  mean  velocity  and  turbulence  inten¬ 
sity  distribution*  In  straight  and  curved  wakes  behind  a 
circular  cylinder  of  2. 13  mm  in  diameter,  which  was  spanned 
transversely  upstream  of  the  test  channel.  Measurements 
were  performed  st  three  different  locations  of  x/d  or  s/d 
•25,47  and  72  for  Reynolds  number  Re  •  1500.  In  the 
following  figures  of  mean  velocity,  turbulence  intensity, 
Reynolds  stress,  etc,  solid  and  dotted  lines  indicate  the 
distributions  for  the  cases  of  the  curved  and  straight 
wakes  respectively.  The  wake  prof lies  are  symmetric  about 
the  wake  centre-line  for  the  both  cases  of  che  straight 
and  curved  wakes.  The  width  of  the  straight  wake  in¬ 
creases  as  the  distance  from  the  cylinder,  while  that  of 
the  curved  wake  remains  constant.  The  velocity  defect, 
which  It  the  difference  between  the  velocity  and  the 
Imaginary  potential  velocity  in  the  wake,  and  the  turbu¬ 
lence  Intensity  in  the  curved  weke  arc  smaller  than  those 
in  the  straight  wake. 

Fig.  10  shows  the  distributions  of  the  transverse 
velocity  component,  v,  end  the  Reynolds  shear  stresses 
In  the  wake  at  positions  of  x/d  or  s/d  •  72  at 
Reynolds  number  Re  •  1500.  The  preceding  consideration 
concerning  a  secondary  flow  in  a  vortex  is  also  valid  for 
a  curved  turbulent  weke.  In  the  curved  turbulent  wake 
there  exists  a  secondary  flow,  which  is  directed  towards 
the  centra  of  the  curvature  of  the  primary  flow,  because 
of  the  unbalance  between  a  centrifugal  force  due  to  the 


Fig.  11  shows  the  variation  of  the  mean  velocity 
and  turbulence  intensity  at  wake  centre-line  at  Reynolds 
number  Re  •  1500.  It  is  found  that  the  mean  velocity 
increases  rapidly  just  behind  the  circular  cylinder. 

Fig.  12  shows  a  pover  spectrum  of  a  fluctuating 
velocity  in  a  turbulent  wake  behind  a  circular  cylinder 
at  Reynolds  number  Re  •  1500.  Generally,  it  is  consider- 


2  4 

f  (kHt) 


ng.  12.  Power  spectrum  of  fluctuating  velocity  in  a  tur¬ 
bulent  weke  behind  a  circular  cylinder 
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ed  that  In  a  two-dimensional  wake  behind  •  circular  cylinder 
a  two-dimensional ,  large  wave  of  Karaan  vortex  tercet  end 
three-dimens ional ,  toall  waves  of  ditcurbancei  propagate 
along  the  prise ry  flow.  A  principal  frequency  at  a 
Strouhal  nusber  St  *  0.22  for  a  Karaan  vortex  street  it 
observed  in  the  power  tpectrua  of  velocity  fluctuations. 
The  tpectrua  alto  contain  a  continuous  power  distribution 
due  to  the  pretence  of  turbulence  superimposed  to  the 
Karaan  vortices. 
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Fig.  13.  Distributions  of  power  E(fk)  end  power  difference 
E(fk)  -  Ej(fk)  at  shedding  frequency  of  Karaan  vortex 
street.  Reynolds  number  Re  •  1500 

Fig.  13  shove  the  distributions  of  the  power  E(fk) 
at  a  principal  frequency,  fk.  of  a  Karaan  vortex  street 
and  the  power  difference  E(fk)  -  Et(fk),  where  Et<flc) 
means  a  interpolated  imaginary  power  at  fk.  Measurements 
were  performed  at  Reynolds  number  Re  -  1500  for  Che  cases 
of  the  straight  and  curved  wakes .  Spanwlse  spacing  of  the 
shedding  vortices  is  smaller  than  that  of  the  straight 
wake.  Extension  of  the  vortices  towards  spanwlse  direc¬ 
tion  is  suppressed  considerably  as  compared  to  the  case  of 
the  straight  wake.  Breakdown  of  the  vortices  is  also 
observed  in  the  curved  wake. 

Stability 

Two-dimensional  wake  along  the  spanvlse  direction  in 
a  curved  potential  flow  become  a  stability  problem.  The 
motion  of  fluid  particles  are  destabilised  in  the  inalde 
region  of  a  two-dimensional,  curved  turbulent  weke  and  sta¬ 
bilised  in  the  outside  region  because  of  an  unbalance  be¬ 
tween  a  centrifugal  force  due  to  the  curvature  of  the  par¬ 
ticle  paeh  and  a  pressure  gradient  force  cowards  the  centre 
of  curvature. 

Fig.  14  shows  the  mean  velocity  and  turbulence  inten¬ 
sity  distributions  in  straight  and  curved  was.es  behind  a 
circular  cylinder  which  was  spanned  along  the  spanwlse  dl- 
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Fig.  14.  Distributions  of  mean  velocity  and  turbulence 
intensity  at  Reynolds  number  Re  •  1500 

rectlon  at  different  locations  of  x/d  or  s/d «  25,  47  and 
72  at  Re  -  1500.  The  wake  profiles  are  asymmetric  about 
the  wake  centre-line  for  the  case  of  the  curved  wake.  The 
asymmetry  is  due  to  the  stabilizing  and  destabilizing  ef¬ 
fects  of  the  curvature  of  primary  flow,  the  destabilizing 
effect  is  observed  ln  the  mean  velocity  and  turbulence  in¬ 
tensity  profiles.  The  stabilizing  effect  is  observed  only 
in  the  Intensity  profiles.  Maximum  turbulence  intensity 
is  observed  in  the  unstable  region  of  the  curved  wake. 
The  turbulence  Intensity  in  the  unstable  region  of  the 
curved  wake  is  higher  than  that  in  the  straight  wake.  The 
opposite  result  is  observed  in  the  stable  region  of  the 
curved  wake.  From  the  results,  it  seems  that  the  destabi¬ 
lizing  effect  on  the  development  of  two-dimensional ,  tur¬ 
bulent  wake  is  slightly  strong  than  the  stabilizing  ef¬ 
fect  on  it. 

Fig.  15  shows  the  distributions  of  the  interpolated 
Imaginary  power  Et(fk)  at  a  principal  frequency,  £k,  of 
Karaan  vortex  street  and  power  difference  E(fk)  -  Et(fk). 
The  profiles  of  the  imaginary  power  Et(fk)  show  asysasetry 
about  the  wake  centre-line.  This  is  similar  to  the  tur¬ 
bulent  intensity  distributions  shown  in  Fig.  14.  Princi¬ 
pal  peaks  at  fk  were  found  to  disapper  at  the  downstream 
distance  of  about  60  diameters  in  the  straight  wake.  The 


3  ,  rtj  x/d, s/d  *  2 


-5  0  5 

y/d,  r/d 

E^f^)  distribution* 


- » 

| 

47 

72 

y/d, r/d 

E(£fc)  -  Ec(ffc)  distributions 


Fig.  IS.  Distributions  of  power  Et(f|t)  and  power  difference 
E(ffc)  -  Et (f^)  at  shedding  frequency  of  a  Karaan  vortex 
street.  Reynolds  number  Re  *  1500 
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disappearance  of  peak*  In  eh*  unstable  region  on  the  wake 
it  fatter  chan  chat  in  che  stable  region. 

CONCLUSIONS 

To  clarify  che  stabilizing,  destabilizing  and  sec¬ 
ondary  flow  effects  of  the  streamline  curvature  on  the 
shear  flow,  experimental  study  on  laminar  and  turbulent 
wakes  behind  a  circular  cylinder  placed  in  a  curved  po¬ 
tential  flow  field.  Conclusions  based  on  the  experimen¬ 
tal  results  are  summarized  below. 

(1)  For  a  turbulent  wake  behind  a  circular  cylinder  spanned 

apamrlsely,  profiles  of  mean  velocity,  turbulence  inten¬ 
sity  and  power  spectrum  of  fluctuating  velocity  are  net 
syasMtrlc  about  the  wake  centre-line.  However,  two -di¬ 
mensionality  of  the  wake  is  preserved.  Development  of  the 
inside  wake  region  is  promoted,  while  chat  of  che  outside 
region  is  suppressed.  The  destabilizing  effect  on  a  tur¬ 
bulent  shear  flow  is  slightly  large  than  the  stabilizing 
effect  on  it.  » 

(2)  For  a  turbulent  wake  behind  a  circular  cylinder  spanned 
transversely,  profiles  of  mean  velocity ,  turbulence  inten¬ 
sity  and  power  spectrum  of  fluctuating  velocity  are  sym¬ 
metric  about  the  wake  centre-line.  Secondary  flow,  which 
has  s  maximum  velocity  at  the  wake  centre-line,  towards 
the  centre  of  curvature  is  arised  because  of  an  unbalance 
between  a  centrifugal  force  and  a  pressure  gradient  force. 

(3)  Breakdown  of  a  shedding  vortices  is  observed  at  lower 
Reynolds  numbers  because  of  the  secondary  flow  effect  of 
screamline  curvature. 
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ABSTRACT 

The  response  to  the  introduction  of  streamwise 
concave  surface  curvature  without  substantial  pressure 
gradient  is  discussed  to  obtain  an  adequate  flow  model. 
The  detailed  mean  velocity  and  turbulence  measurements 
were  performed  near  the  onset  of  curvature.  The 
behavior  of  the  effective  curvature  is  also  reported. 
The  effects  of  the  step  change  in  geometric  curvature  on 
the  structure  of  mean  flow  and  turbulenca  properties 
ere  examined. 

NOMENCLATURE 

Cf/2  Skin-friction  coefficient 

Cpw  Static  pressure  coefficient, 

( Psw-Pswref ) / (1 / 2  )o  Upref 
H,,  Shape  factor,  j,  /«, 

K  Acceleration  parameter,  i  v /Upw) ( dUpw/dx ) 

k  Effective  curvature 

kgeo  Geometric  curvature,  -1.667  m 

Psw  Surface  static  pressure 

R  Radius  of  curvature,  600  mm 

U.V.H  Mean  velocities 

u,v,w  Fluctuating  velocities 

Up  Potential  flow  velocity 

Upw  Potential  flow  velocity  at  surface 

x,y,x  Curvilinear  coordinate 

I  Thickness  at  which  velocity  is  99. SI  of 

potential  flow  velocity 
j,  Displacement  thickness 

j,  Momentum  thickness 

n  Coles  profile  parameter 

C  Vorticlty  around  z-axis, 

-!j  U/)  y)-kU/(l»ky) 

subscript 

ref  Reference,  x»-240  mm 

INTRODUCTION 

Turbulent  shear  flows  over  a  concave  surface  are 
subjected  to  complicating  influences  by  extra  rates  of 
strain  like  streamwise  curvature.  There  is  a  possible 
influence  of  streamwise  pressure  increase  at  the  onset 
or  curvature,  unless  an  effective  control  of  decelera¬ 
tion  is  conducted.  In  addition  to  these  effects, 
turbulent  boundary  layers  become  strongly  three-dimen¬ 
sional  in  the  mean  flow  because  of  the  formation  of  the 
contra-rotating  pairs  of  longitudinal  vortices. 

Among  the  previous  researches  concerning  the 
concave  surface  curvature! 1-7 ) ,  So  &  Mel  lor! 3)  studied 
the  response  to  step  change  In  streamwise  curvature  by 
detailed  turbulence  measurements  and  concluded  chat  the 
Reynolds  stress  -uv  was  increased  by  che  influence  of 
concave  curvature.  Nakano  at  >,1.(6)  investigated  the 
effects  of  stable  and  unstable  free-screams  on  che  flow 
over  e  concave  surface ,  and  showed  that  Reynolds 


stresses  were  increased  both  in  the  boundary  layer  and 
free-stream  In  case  of  unstable  free-scream  condition. 
Prabhu  A  Rao(5)  studied  the  effects  of  strong  curvature 
for  different  inlet  boundary  layer  thicknesses.  The 
flow  patterns  did  not  change  appreciably  even  when  the 
inlet  boundary  layer  thickness  varied  by  a  factor  of 
two. 

There  was  substantial  deceleration  at  the  onset  of 
curvature  in  these  works.  Jeans  &  Johnston! 7)  minimized 
deceleration  or  acceleration  effects  and  made  visual 
surveys  of  the  flow  on.  the  concave  surface.  The 
spanwlse  vortices  did  not  exhibit  the  stationary 
pattern. 

The  flow  with  the  step  change  in  streamwise 
curvature,  like  flat  to  concave  surface,  is  affected  by 
both  streamwise  concave  curvature  and  streamwise 
pressure  increase  at  the  onset  of  curvature.  These  flow 
situations  are  found  on  the  pressure  sides  of  turbine 
blades  or  wings  and  at  che  portions  of  ducts.  There  has 
been  no  quantitative  investigation  in  which  these 
effects  are  studied  separately.  And  it  is  instructive 
to  understand  che  effects  of  the  introduction  of 
curvature  on  the  physics  of  the  flow  in  order  to 
establish  a  new  flow  model  and  to  design  and  construct 
new  flow  facilities. 

The  objectives  of  the  present  paper  are  to  clarify 
experimentally  the  effects  of  streamwise  concave 
curvature  on  che  curbulent  boundary  layer  flows  without 
substantial  deceleration.  The  study  is  performed  to 
understand  the  response  of  the  structure  of  mean  flow 
and  turbulence  properties  to  the  step  change  in  curva¬ 
ture  by  use  of  flow  visualization,  mean  flow  and 
turbulence  measurements.  The  momentum  chickness 
Reynolds  number  is  2900  and  the  racio  of  boundary  layer 
thickness  to  radius  of  curvature,  s/R,  is  0.044  ar  che 
onsit  of  curvacure. 

EXPERIMENTAL  FACILITIES  AND  METHODS 

Figure  1  shows  the  schematic  of  concave  flow 
facility.  The  test  section  is  a  130  degrees  curved 
tunnel  of  rectangular  cross-section,  followed  by  a  2000 
nzn  straight  recovery  tunnel.  The  curved  tunnel  is 
attached  to  the  end  of  a  1500  ram  long,  straight  develop¬ 
ment  tunnel,  in  order  to  attain  an  equilibrium  boundary 
layer  at  che  reference  scaclon  (x*-240  mm).  The  tunnel 
is  a  closed-return  type  and  the  surfaces  of  che  curved 
section  are  made  of  transparent  Plexiglass  places  to 
permit  visual  access.  A  large  aspecc-ratlo  of  the 
tunnel,  6,  is  employed  to  eliminate  the  influence  of 
the  secondary  flow  at  the  mid-span  (z*i200  mm)  of  the 
cunnel  owing  to  che  skewed  boundary  layer  development  on 
che  end  surfaces. 

One  of  che  objectives  of  the  present  study  is  to 
set  up  such  a  flow  that  the  surface  static  pressure  is 
constant  not  only  over  che  development  surface,  but  also 
over  the  concave  surface.  The  opposite  surface  config¬ 
uration  (convex  side)  is  adjusted  to  minimize  decele¬ 
ration  and  acceleration,  like  che  streamwise  pressure 


gradient  due  to  streamwise  curvature  and  boundary  layer 
blockage.  A  teat  surface  has  pressure  taps  0.5  nan  in 
diameter  at  10  to  50  ram  Intervals.  The  accuracy  of  the 
pressure  measurements  is  i0.04  Pa  using  an  improved 
Chat cock  gauge. 

Flow  visualisation  in  boundary  layers  was  conducted 
by  means  of  the  smoke-wire  method  to  check  two-dimen¬ 
sionality  on  the  convex  surface  and  the  existence  of 
three-dimensional  longitudinal  vortices  over  the  concave 
surface.  Another  object  cf  flow  visualization  is  to 
fill  the  gap  in  understanding  of  flow  patterns  and  the 
physics  of  the  flow  by  the  introduction  of  the  step 
change  in  curvature. 

Eleven  stations  for  measurements  are  used  along 
the  center  line  of  the  tunnel  (z*  0  on),  as  shown  in 
Figure  1.  AT  stations  3,  9  and  11  among  these,  the 
probe  is  continuously  traversed  both  spanwise  and  normal 
co  the  surface. 

Mean  and  turbulence  velocity  measurements  were 
taken  using  a  constant-temperature  hot-wire  anemometer 
and  a  lincarizer  with  a  temperature  compensation 
circuit.  A  specially  designed  cobra  type  probe  with  a 
space  resolution  of  0.01  nn  was  used  for  the  measure¬ 
ments  in  the  vicinity  of  the  surface.  This  probe  has  a 
sensor-wire  5u  m  in  diameter  and  1  nra  in  length  as  well 
as  20  mm  long  prongs  with  a  fine  copper  lod  50  pm  in 
diameter  and  3  ram  in  length  at  the  tip.  The  probe 
location  from  the  surface  was  determined  by  a  touch  of 
the  sensor  portion  to  the  surface,  resulting  in  a  rapid 
voltage  rise  in  the  hot-wire  signal.  In  each  case  the 
tentative  origin  of  the  y-coordinate  was  adjusted  to 
give  the  actual  origin  fitting  to  the  linear  velocity 
distribution  in  the  viscous  sub-layer.  The  hot-wire 
output  signals  were  averaged  by  an  integra 1-vo Itrae ter . 
The  flow  temperature  was  kept  constant  within  0.4  °C 
while  a  test  run. 

Reynolds  stress  tensor  roeaurements  were  made  also 
using  the  constant-temperature  anemometer.  The  normal 
wire  around  the  z-axis  was  rotated  to  provide  u*,  va  and 
-uv  in  a  similar  method(lO). 

RESULTS  AND  DISCUSSIONS 

Static  Pressure  Distribution 

Figure  2  shows  the  distribution  of  static  pressure 
coefficient  Cpw  over  the  flat  to  the  concave  surface. 
The  pressure  coefficient  changes  from  0.01  to  -0.015  in 
the  streamMise  direction,  and  the  spanwise  variation  is 
0.006  over  the  development  surface  and  0.005  over  the 
curved  one,  respectively.  The  acceleration  parameter  K, 
is  also  shown  in  Figure  2.  The  largest  value  of  K  is 
2.6  xl0~7  and  is  about  an  order  of  magnitude  lower  than 
the  value  needed  to  significantly  change  the  turbulence 
structure  near  the  surface.  Thus,  the  experimental 
results  might  not  be  affected  by  any  pressure  gradients. 


Figure  1  Schematic  of  experimental  apparatus 
(  all  dimensions  in  ram'  s,  ) 


and  acceleration  parameter 
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Figure  4  Streamwise  distributions  of  mean  velocity  and  boundary 
layer  thickness 
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Figure  3  Effective  curvature  vs.  streetwise  distance 


Flow  Visualization 

Figure  3  shows  the  typical  results  of  flow  visual¬ 
isation  with  the  spenwlse  distribution  of  mean  velocity 
at  station  9.  The  photos  indicate  the  change  in  flow 
patterns  within  the  boundary  layer  over  the  flat  to  the 
concave  surface,  especially  in  the  vicinity  of  the  onset 
of  curvature.  The  smoke  wire  location  is  set  et  x— 150 
mm  and  y/i«  0.8  away  from  the  surface. 

The  discrete,  stationary  smoke  lumps  and  the  wavy 
profiles  of  the  mean  velocity  indicate  the  existence  of 
the  three-dimensional  longitudinal  vortices.  The 
contra-rocatlng  pairs  of  vortices  exist  between  wave¬ 
length  of  the  mean  velocity  profile  as  illustrated 
in  Figure  3.  In  the  velocity  profile,  the  locations  of 
velocity  maxima  are  called  the  crest  and  the  minima  are 
the  trough,  respectively.  The  smoke  lumps  locations 
correspond  to  the  trough  between  vortices,  as  shown  by 
the  symbol  (a)  in  Figure  3.  The  smoke  uniformly  distri¬ 
butes  parallel  to  the  development  surface  upstream  of 
the  onset  of  curvature.  Then,  the  smoke  shows  spanwlse 
non-uniformity  wlch  approaching  the  onset  of  curvature. 
Over  the  concave  surface,  the  smoke  clearly  lumps  at  the 
trough. 

The  center  section  of  the  tunnel,  where  measuring 
staclons  are  located,  is  found  to  be  in  the  halfway  of 
the  trough  and  the  crest  of  longitudinal  vortices  by 
flow  visualisation  and  spanwlse  measurement  of  the  mean 
velocity. 
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Figure  6  Mean  velocity  profiles  in  boundary  layer 


Mean  Velocity 


Figure  *  indicates  profiles  of  mean  velocity  and 
boundary  layer  thickness  at  the  center  section  of  the 
tunne l ( z>  0  ram).  The  boundary  layer  thickness  is  almost 
constant  near  the  onset  of  curvature.  The  potential 
flow  velocity  Up  is  given  as, 

Up*Upw/( 1+ky)  (1) 

where  effective  curvature  k  and  potential  flow  velocity 
at  the  surface  Upw  are  determined  by  a  least  square 
method  using  velocity  data  in  the  free  stream  region. 
The  acceleration  in  free  stream  velocity  occurs  even  at 
station  4  owing  to  the  introduction  of  streamwise 
curvature. 

Figure  5  shows  effective  curvature  reduced  by  the 
above  method.  The  results  also  show  a  transitional 
region  from  the  flat  to  the  concave  surface;  about  8 
boundary  layer  thicknesses  "up"  and  downstream  of  the 
onset  of  curvature.  The  solid  line  in  Figure  5  is  a 
Sausslan  integral  curve  given  by 

k/kgeo-(l/2)(l*erf  9)  (2), 

where 

0»(/2o/R)'’ (x/R), 

(/To/R  )'‘*4 

and  the  standard  divtation  is 
o*0. 1 7?R 


re  7  Mean  velocity  profile  plotted  in  wall 
coordinates 
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Equation  (2)  closely  represents  the  actual  variation, 
the  standard  deviation  being  decided  by  the  data 
obtained.  Since  an  upstream  flow  is  obviously  affected 
by  the  step  change  of  curvature  in  the  downstream,  a 
conventional  model  of  effective  curvature,  like  a  first- 
order  lag  equation,  should  be  modified  by  a  different 
model . 

Figure  6  shows  the  mean  velocity  profile  in  the 
boundary  layer.  The  velocity  profiles  at  stations  1  to 
7  show  the  same  trend  as  on  the  flat  surface.  The 
defect  of  the  velocity  near  the  surface  becomes  small  as 
the  flow  moves  downstream  of  station  8.  The  profile 
at  station  11  shows  quite  small  defects.  The  mean 
velocity  profile  in  the  boundary  layer  responds  to 
concave  curvature  three  boundary  layer  thicknesses 
downstream  of  the  onset  of  curvature,  since  the  effects 
of  concave  curvature  are  observed  at  station  8. 

Figure  7  shows  the  mean  velocity  profile  in 
wall  coordinate.  The  profiles  in  the  curved  region 
follow  the  law  of  the  wall.  The  inner  layer  shows  the 
same  tendency  as  on  the  flat  surface  even  on  the  concave 
surface.  The  profiles  of  the  outer  layer  indicate  the 
distinct  features,  i.e.,  Coles  profile  parameter  3  . 
The  value  of  ji  tends  to  decrease  in  the  curved  region 
and  becomes  almost  zero  or  negative  at  stations  9  to  11 
where  effective  curvature  comes  up  to  geometric  curva¬ 
ture.  n  is  evaluated  by 

u*=Q^£yln(y+  )+0.  5*^£y2sina(ir  y/2$)  (3), 
at  y*$. 

Figure  8  dipicts  the  skin  friction  coefficient 
determined  by  assuming  the  logarithmic  law.  For 
comparison,  the  skin  friction  distributions  over  the 
convex  surface  obtained  by  Gillis  et  al.(10)  are  also 
included.  The  concave  skin  friction  increases  gradually 
upstream  of  the  onset  of  curvature.  The  effects  of 
curvature  on  the  skin  friction  shows  the  same  trends  as 
the  free  stream  velocity  profile.  Further  downstream  of 
station  10,  the  value  of  Cf/2  seems  to  include  the 
effects  of  the  longitudinal  vortices  together  with 
curvature,  since  it  shows  a  monotonous  increase. 

Figure  9  shows  the  momentum  thickness  plotted  as  a 
function  of  streamwise  distance.  Data  shows  that  the 
momentum  thickness  develops  slowly  near  the  onset  of 
curvature.  In  the  region  with  finite  effective  curva¬ 
ture,  the  definition  of  the  integral  parameter  is  given 
as , 
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Table  1 

Boundary  ia^er  parameters 

X 

6 

«. 

H,, 

Cf/2 

n 

mm 

mm 

mm 

x10’’ 

-700 

20.9 

2.10 

1.40 

1.81 

0.333 

-400 

24.0 

2.62 

1.38 

1.71 

-240 

26.3 

2.80 

1.36 

1.75 

0.315 

-120 

28.2 

3.18 

1.38 

1.64 

0.492 

-  70 

26.6 

3.09 

1.37 

1.67 

0.508 

0 

26.5 

2.97 

1.34 

1.77 

0.401 

25 

27.9 

3.07 

1.33 

1.78 

0.360 

100 

29.3 

3.23 

1.33 

1.75 

0.448 

210 

32.4 

3.32 

1.27 

1 .98 

0.200 

275 

33.8 

3.52 

1.26 

2.01 

-0.079 

690 

52.2 

3.94 

1.15 

2.33 

-0.355 

Figure  9 
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Ftgure  10  shows  turbulence  Intensity  piofiles  with 
those  for  the  flat  surface  by  KAebanof f ( 1 1 )  as  well  as 
the  convex  case  by  Glliis(lO).  Turbulence  intensity 
shows  a  higher  level  on  the  concave  surface  than  on  the 
flat  and  convex  one.  It  is  interesting  that  these 
profiles  at  stations  1  to  7  are  very  similar  and  the 
profile  at  station  8  starts  to  deviate  from  the  upstream 
similar  profiles.  The  effects  of  curvature  affect 
clearly  the  profile  shape  downstream  of  station  8.  The 
profiles  at  stations  8  to  10  show  a  higher  level  of 
turbulence  intensity  from  y/6  *0.05  to  0.8,  while 
bulging  of  increase!  turbulence  in  the  outer  boundary 
layer  (y/6>0.5)  is  observed  at  station  11.  Figure  10 
shows  the  rapid  response  of  turbulent  intensity  to 
curvature.  In  all  stations,  the  turbulence  activity 
very  close  to  the  concave  surface  is  remarkable. 

Figure  11  shows  the  profiles  of  v2  with  chose 
obtained  by  Klebanof f ( 11 )  and  Gillis(lO).  The  profile 
at  stations  1  co  7  are  decreased  monotonical ly  but  the 
data  show  a  higher  level  of  v 2  near  the  surface. 
Downstream  of  station  8,  the  profile  shows  a  maximum 
apart  from  the  concave  surface.  The  response  of  v*. 
profiles  to  the  introduction  of  concave  curvature  is 
rapid. 

Figure  12  shows  the  isometric  plot  of  Reynolds 
stress  -uv.  Reynolds  stress  shows  a  maximum  away  from 
the  surface  downstream  of  station  5.  As  co  the  shape 
of  the  -uv  profile,  che  maximum  is  remarkable  downstream 
of  station  8,  i.e.,  36  downstream  of  the  onset  of 
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Figure  10  Turbulence  intensity 
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Figure  11  Distributions  of  vJ 
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The  first  term  denotes  the  production  in  a  two-dimen¬ 
sional  curved  flow.  The  second  term  corresponds  co  a 
three-dimensional  flow. 

Figure  13  illustrates  the  production  mechanism  of 
the  six  Reynolds  stresses.  Each  production  term  for  the 
stress  in  a  circle  is  expressed  by  multiplying  the 
stress  in  the  next  circle  or  itself  by  the  mean  rate  of 
strain  on  an  arrow  line.  The  extra  strain  rates  due  to 
curvature  are  on  the  lines 
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Figure  12  Isometric  plot  of  Reynolds  stress  -uv 
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CONCLUSIONS 


The  strain  rate  2kU  on  the  line  1  makes  a  positive 
contribution  to  -uv  and  vJ  production,  where  a  sign  of 
uv  in  the  circle  is  normally  negative.  And  the  vorti- 
city  component  h^  on  £he  line  4  makes  a  positive 
contribution  to  -uv  and  ua  production. 

Figure  14  shows  the  ratio  of  2kU  to  h^  to  estimate 
the  contribution  to  the  production  of  each  Reynolds 
stress.  The  plot  shows  that  the  effects  of  curvature 
are  distinctively  observed  in  the  outer  layer  of  the 
boundary  layer  downstream  of  station  8.  The  concave 
curvature  affects  the  production  of  Reynolds  stress  -uv 
and  v*  downstream  of  the  onset  of  curvature.  This 
result  agrees  well  with  the  results  shown  in  Figures  11 
and  12.  The  production  of  the  Reynolds  stresses  -uv  and 
vJ  are  followed  by  the  behavior  of  the  extra  strain 
rates.  This  gives  another  confirmation  of  rapid 
response  of  the  production  of  Reynolds  stress  to 
curvature . 


Figure  13  Reynolds  stress 


production  mechanism 


The  main  conclusions  are  as  follows. 

1  The  behavior  of  effective  curvature  derived 
from  mean  velocity  distributions  in  the  free  stream  is 
made  clear.  It  tends  to  change  upstream  of  the  onset  of 
geometric  curvature.  Concave  curvature  affects  rapidly 
the  free  stream  properties. 

2  The  response  of  the  mean  flow  properties  in  the 
boundary  layer  to  concave  curvature  appears  rapidly 
three  boundary  layer  thicknesses  downstream  of  the 
onset  of  curvature. 

3  Reynolds  shear  stresses  -uv  and  v»  increase  in 
rapid  response  to  concave  curvature.  The  extra  strain 
rate  due  to  curvature  2kU  contributes  the  production  of 
the  stress  -uv  and  v* .  The  effects  of  curvature  on 
the  production  of  -uv  and  vJ  are  remarkable  downstream 
of  the  onset  of  curvature. 

4  The  response  of  the  mean  flow  and  turbulence 
properties  to  concave  curvature  is  associated  with  the 
behavior  of  effective  curvature. 
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ABSTRACT 

Mean  velocities  and  turbulence  quantities 
have  been  measured  using  hot-wire  anemometry  in 
the  two  central  planes  of  a  turbulent  free  jet 
of  air  issuing  into  still  air  surroundings  from 
a  sharp-edged  rectangular  slot  of  aspect  ratio 
10.  It  is  found  that  the  mean  straamwise 
velocity  decay  on  the  jet  centreline  consists 
of  four  regions:  a  core  region,  a  typical 
decay  region,  a  transition  region  and 
a  final  decay  region;  also  the  mean  straamwise 
velocity  profiles  in  the  plane  of  the  slot 
major  axis  are  characterized  by  off-centre 
peaks  within  the  typical  decay  region.  The 
data  imply  that  there  may  be  some  negative 
production  of  turbulence  kinetic  energy  in  the 
neighbourhood  of  the  off-centre  velocity  peaks. 
The  flow  does  not  seem  to  be  completely 
self-preserving  in  the  region  investigated. 


INTRODUCTION 

Turbulent  jets  issuing  from  rectangular 
slots  are  useful  in  a  number  of  engineering 
areas  such  as  upper  surface  blowing  to  increase 
the  maximum  lift  coefficient,  thrust 
augmentation  in  V/STOL  aircraft,  heating, 
ventilation  and  air-conditioning  systems, 
fluidics  and  disposal  of  pollutant  effluents. 
For  low  to  moderate  aspect  ratios  (i.e.  S  to 
about  30) ,  these  jets  are  three-dimensional. 

Turbulent  jet  flows  issuing  from 
three-dimensional  rectangular  slots  have  been 
investigated  experimentally  by  Krotbapalli  et 
al  (1981),  Marsters  (1978,  1981),  Trentacoste 
and  Sforza  (1967),  Sfeir  (1976,  1979)  and 
Sforza  et  al  (1966) .  McGuirk  and  Rodi  (1977) 
Investigated  the  flow  from  sharp-edged  slots 
numerically.  The  experimental  studies  involved 
the  use  of  slots  of  various  aspect  ratios, 
Reynolds  numbers  and  exit  conditions;  but, 
Krothapalli  et  al  (1981)  were  the  first  to 
extensively  measure  mean  velocities  and 
turbulent  quantities  in  three-dimensions, 
although  not  for  a  sharp-edged  slot.  A  unique 
characteristic  of  the  flow  from  these  slots  is 
the  appearance  of  off-centre  velocity  peaks  in 
the  plane  of  the  major  axis,  and  these  peaks 
appear  prominently  only  when  the  flow  exits 
from  a  slot  that  is  sharp-edged.  As  an 
alternative  to  some  other  explanations,  such  as 
three-dimensional  vortex  Interactions,  Marsters 
(1978) ,  or  turbulence  driven  secondary  flows, 
McGuirk  and  Rodi  (1977),  a  tentative  physical 
explanation  for  the  existence  of  these  peaks 
has  been  put  forward  by  the  present  authors 
(Quinn  et  al  (1983))  who  Indicated  that  these 
peaks  may  be  due  to  a  non-uniform  pressure 


field.  Indeed,  it  is  because  of  the  existence 
of  this  type  of  pressure  field  that  McGuirk  and 
Rodi  (1977)  probably  did  not  detect  these 
peaks,  since  their  calculations  assumed  that 
the  flow  was  parabolic.  Although  the  jets  issue 
from  slots  of  various  geometries,  it  is  found 
that  the  changes  in  slope  of  the  centreline 
mean  velocity  decay  are  coincident  with  the 
location  of  the  merging  of  the  shear  layers 
emanating  from  the  long  and  short  sides  of  the 
jet.  It  is  also  noticed  from  the  aforementioned 
investigations  that  a  limited  range  of  Reynolds 
numbers  (12,000  -  88,000)  have  been  used  and 
that  the  results  appear  only  weakly,  if  at  all, 
Reynolds  number  dependent.  A  more  substantial 
review  of  the  previous  work  can  be  found  in 
Quinn  (1983) . 

The  purpose  of  this  paper  is  to  provide 
data  of  the  flow  issuing  from  a  sharp-edged 
rectangular  slot  at  one  Reynolds  number.  These 
data  include  all  three  mean  velocities, 
turbulence  kinetic  energy,  and  Reynolds  shear 
stresses. 


EXPERIMENTAL  DETAILS 

The  flow  facility  consisted  of  a  small 
commercial  fan  supported  on  anti-vibration 
neoprene  mounts.  The  fan  drew  air  from  the 
laboratory  and  supplied  it  to  a  settling 
chamber  via  a  flexible  duct.  The  settling 
chamber  was  a  0.76  m  x  0.61  m  x  0.61  m  plywood 
box  which  contained  a  baffle  at  the  upstream 
end,  six  mesh  wire  screens  and  a  filter.  The 
rectangular  slot  (designed  in  accordance  with 
British  Standard  BS  1042  (1943))  was  12.7  mm  x 
127  mm  and  it  was  attached  to  the  downstream 
face  of  the  settling  chamber.  This  downstream 
face  was  flush  with  a  large  plywood  wall,  so  as 
to  ensure  that  entrainment  at  the  nozzle  exit 
plane  was  normal  to  the  jet  centreline.  The 
top  and  sides  of  the  rig  were  covered  with 
1.59  mm  mesh  wire  screen  to  prevent  large-scale 
movement  of  air  (room  draughts)  into  the  jet. 

Single  normal  wire  and  X-wire  probes  were 
used  to  diagnose  the  flow.  The  wires  were 
calibrated  in  situ  in  the  core  of  the  jet  and 
were  operated  by  linearized  constant  temp¬ 
erature  anemometers.  Temperature  variations 
of  about  4  C  occurred  within  the  jet.  These 
were  monitored  with  a  thermocouple  in  the 
neighbourhood  of  the  hot-wire  probe  and  the 
data  subsequently  corrected  using  a  modified 
version  of  the  procedure  given  by  Bearman 
(1971) .  The  effect  of  tangential  cooling 
on  the  wires  of  the  X-wire  probes  was  account¬ 
ed  for  by  utilizing  the  corrections  of 
Champagne  and  Sleicher  (1967)  . 

The  experiments  were  performed  in  a  9.02  m 


x  7.39  ■  x  3.76  a  rooa  into  which  traffic  waa 
strictly  controllad.  Checks  of  ambient  flow 
conditions  verified  the  hypothesis  that 
external  disturbances  and  those  produced  by 
the  jet  itself  were  indeed  very  small. 

The  jet  fluid  had  a  velocity  of  about  S5 
a/s  at  the  centre  of  the  slot  exit  plane.  This 
resulted  in  a  Reynolds  number  of  about  47.000 
based  on  the  height  (tp)  of  the  slot.  The  mean 
streaawise  velocity  profile  at  the  slot  exit 
plane  was  found  to  be  flat.  The  streaawise 
turbulence  intensity  at  the  centre  of  tbe  slot 
exit  plane  was  about  0.7». 

The  bilateral  symmetry  of  the  flow  waa 
utilised  in  acquiring  the  data  and  checks  were 
made  to  ascertain  that  symmetry  did  in  fact 
exist  in  the  two  planes  containing  the  major 
and  minor  axes  of  the  slot.  The  coordinate 
system  used  is  as  shown  in  Pig.  1. 

Tbe  initial  boundary  layer  was  turbulent 
with  a  quasi-laminar  core.  This  was  sub¬ 
stantiated  by  spectral  measurements  on  the 
jet  centreline  and  in  the  shear  layer  region  in 
the  near  flow  field. 

PRESENTATION  AND  DISCUSSION  OP  RESPLTS 
Wean  Plow  ~ 

The  decay  of  the  mean  streamwise  velocity 
along  the  jet  centreline  is  as  shown  in  Pig  2. 
Shown  also  for  comparison  purposes  are  the 
results  of  Sforza  et  al  (1966}  and  Sfeir 
(1979).  Pour  regions  can  be  identified.  The 
first  is  a  constant  velocity  region  known  as 
the  potential  core  which  ends  at  about  x/tp  • 
3.  Note  that  this  curve  begins  at  x/tp  •  1  at 
which  point  the  maximum  velocity  is  found  due 
to  the  existence  of  a  vena  contracta  in  the 
plane  of  the  minor  axis  of  the  jet.  At  this 
location,  the  centreline  mean  velocity  has 
increased  by  about  7*  above  the  mean  exit 
velocity.  This  is  followed  by  a  typical  decay 
region  (i.e.  aspect  ratio,  upstream  shaping, 
etc.;  see,  for  example,  Sfeir  (1979));  this 
decay  region  ends  at  about  x/tp  »  30  at  which 
point  the  shear  layer s , emanating  from  the  minor 
axis  sides,  merge.  The  velocity  in  this  region 

decays  approximately  as  X-0'34.  The  third  decay 
region  can  be  regarded  as  a  transition  between 
the  typical  and  final  decay  regions.  It 
starts  after  x/tp  •  30  and  ends  just  before 
x/tp  «  60,  at  which  point  the  final  decay 
region  begins.  The  velocity  in  this  final 
region  decays  more  or  less  like  that  of  a  jet 
from  a  circular  nozzle  and  has  therefore  been 
called  " axisymmetric  decay  region*  by  Sforza  et 
al  (1966)  and  Trentacoste  and  Sforza  (1967). 

The  axisymmetric  decay  region  implies  that 
the  mean  streamwise  velocity  should  decay  as 

x*1.  However,  the  decay  in  this  region  varies 
depending  upon  whether  the  initial  boundary 
layer  is  laminar,  turbulent  or  a  mixture  of 
these,  Hussain  and  Clark  (1977) .  As  noted 
above,  the  initial  boundary  layer  was  a 
mixture  and  so  we  deduce  mean  streamwise 

velocity  decay  as  X-1'11.  This  value  appears 
to  be  in  accord  with  Sfeir  (1979),  since  it  can 
be  deduced  from  his  data  that  the  mean 

streamwise  velocity  decays  as  X-1’07. 

Profiles  of  the  mean  streamwise  velocity 
in  the  two  planes  of  symmetry  (X-y,  X-Z)  are 
shown  in  Figs.  3  and  4.  The  profiles  in  the 
X-T  plane  are  flat  in  the  core  region  (Pig. 
3a,  x/tp  ■  2) .  They  are  characterized 
by  off-centre  peaks  in  the  typical  decay 
region  (Pig.  3a,  b,  x/tp  •  5,  10,  20).  Note 
the  asymmetry  of  the  profiles  in  the 
neighbourhood  of  the  peaks  at  x/tp  ■  S  and  10 
(Pig.  3a,  b) .  The  profiles  are  self-similar 
beyond  x/tp  *  30.  The  X-Z  plane  orofiles  have 
the  usual  bell  shape  (Pig.  4a)  and  are  self¬ 
similar  beyond  x/tp  ■  10. 

The  growth  (epread)  of  the  jet  in  the  two 


planes  of  symmetry  is  shown  in  Pig.  5.  The 
results  of  Sforza  et  al  (1966)  and  Sfeir 

(1979)  are  again  included  for  comparison.  Both 
half-widths  decrease  initially  but  then  start 
to  increase  monotonically  when  the  shear  layers 
growing  in  the  respective  planes  reach  the  jet 
centreline.  The  initial  decrease  in  both 
half-widths  is  attributable  to  vena  contracta 
effects  associated  with  the  flow  from  a 
sharp-edged  slot.  It  is  interesting  to  note 
that  at  x/tp  •  150,  the  jet  half-widths  cross 
again,  implying  that  the  flow  is  still 

developing.  He  believe  that  this  is  the  first 

evidence  of  a  second  crossover.  Even  so, 

further  measurements  are  needed  to  confirm  this 
trend. 

Mean  spanwise  velocity  profiles  are 
presented  in  Pig.  6.  These  profiles  consist 
of  negative  spenwise  velocities  (i.e.  mean 
spanwise  velocities  pointing  toward  the  jet 
x/tp  ■  30 
up  of 


whereafter  the 
mostly  positive 


centreline)  up  to 
profiles  are  made 
spanwise  velocities. 

Mean  lateral  velocity  profiles  are 

presented  in  Pig.  7.  Apart  from  the  profile 
at  x/tp  -  2,  all  profiles  indicate  positive 
lateral  velocities.  The  mean  lateral  veloc¬ 
ities,  it  will  be  noticed,  are  larger  than 

the  mean  spanwise  velocities. 

The  mean  lateral  and  transverse  velocity 
profiles  are  similar  to  those  obtained  by 
Krothapalli  et  al  (1981) ;  but,  it  should  be 
noted  that  they  used  a  slot  geometry  very  diff¬ 
erent  from  the  present  one. 

TPRBDLENCE  QOANTITIES 

The  variation  of  the  centreline  turbulence 
intensities  with  downstream  distance  is  shown 
in  Pig.  8.  Initially,  there  is  a  steep  in¬ 
crease  in  turbulence  intensities  as  the  shear 
layers  from  all  four  sides  of  the  slot  grow  and 
interact.  This  increase  peaks  at  about  x/tp  ■ 
15,  thereafter  dropping  as  the  shear  layers 
from  the  shorter  sides  of  the  nozzle  reach  the 
jet  centreline.  The  turbulence  intensities 
increase  again  in  a  monotonic  fashion  after 
x/tp  •  30.  The  behaviour  of  the  turbulence 
intensities  on  the  jet  centreline  seems  to 
confirm  that  the  initial  condition  is  not  fully 
turbulent,  (see  Hill  et  al  (1976),  and  Bradshaw 
(  1966)  )  . 

Turbulence  kinetic  energy  profiles  derived 
from  turbulence  intensity  data  are  presented  in 
Pigs.  9  and  10.  The  turbulence  kinetic  energy 
increases  with  downstream  distance  on  the  jet 
centreline  and  peak  values  of  this  quantity  are 
found  in  the  shear  layer  regions  in  both  planes 
of  symmetry.  The  locations  of  the  peaks  do  not 
coincide  with  those  of  the  maximum  mean 
streamwise  velocity  gradient  at  the 
corresponding  measurement  stations.  This  is 
most  likely  due  to  tbe  lateral  shift  of  the 
spanwise  and  lateral  turbulence  intensity  peaks 
from  the  location  of  the  maximum  mean 
streamwise  velocity  gradient'  as  observed  both 
here  and  by  Hygnanski  and  Fiedler  (1970). 
One  feature,  however,  deserves  attention; 
namely,  tbe  decrease  in  turbulence  kinetic 
energy  in  the  neighbourhood  of  the  peaks 
at  x/tp  •  5  and  10  (Pig.  9a, b).  It  should 
be  recalled  that  the  velocity  profiles  in 
the  neighbourhood  of  the  off-centre  velocity 
peaks  were  asymmetrical  at  x/tp  •  5  and  10.  As 
has  been  noted  by  Hinze  (1970)  and  Eskinazi  and 
Erian  (1969),  asymmetry  about  a  zero  velocity 
gradient  point  in  a  flow  leads  to  negative 
production  of  turbulence  kinetic  energy.  This 
appears  to  account  for  the  observed  decrease  in 
turbulence  kinetic  energy  at  x/tp  ■  5  and  10. 
The  decrease  is  probably  not  due  to  stabilizing 
streamline  curvature  otherwise  it  should  have 
been  observed  also  at  x/tp  •  20. 

Turbulent  shear  stress  profiles  are 
presented  in  Pigs.  11  and  12.  These  profiles 


are  characterized  by  peaks  in  the  shear  layer 
region,  as  expected.  The  zero  shear  stress 
point  at  x/tp  •  5  and  10  in  the  X- Y  plane  does 
not  appear  to  coincide  with  the  point  of  zero 
aean  streaawise  velocity  gradient  thus  lending 
support  to  the  argument  made  above  of  negative 
production  of  turbulence  kinetic  energy  in 
the  region  of  the  aean  velocity  peaks.  The 
turbulent  shear  stress  in  the  X-Z  plane  is 
saaller  than  that  in  the  X-Y  plane  at  all  but 
two  of  the  measurement  stations  (x/tp  ■  5,  150, 
this  latter  station  is  not  shown) .  This  seems 
to  be  indicative  of  strong  memory  of  the 
initial  conditions.  The  flow  seems  to  be  close 
to  a  self-preserved  state  as  far  as  the 
turbulent  shear  stresses  are  concerned.  This 
may  not  be  surprising  since  the  turbulent  shear 
stresses  reach  a  self-preserved  state  before 
the  normal  stresses  do  in  other  free  shear 
flows  (sec  Boguslawski  and  Popiel  (1979) )  . 


CONCLUSIONS 

Mean  flow  and  turbulence  quantities  have 
been  measured  in  a  three-dimensional  turbulent 
rectangular  free  jet  of  aspect  ratio  10.  The 
following  conclusions  are  drawn: 

-  The  mean  streamwise  velocity  decay  on  the  jet 
centreline  consists  of  four  regions,  namely, 
a  potential  core,  a  typical  decay  region,  a 
transition  region  and  final  decay  region. 

-  The  flow  in  the  typical  decay  region  in  the 
X-Y  plane  is  characterised  by  off-centre 
velocity  peaks  which  apparently  disappear 
just  before  the  region  -ends.  These  peaks  are 
not  found  in  the  potential  core  or  in  the  X-Z 
plane  of  the  typical  decay  region. 

-  The  mean  velocity  profiles  exhibit  self¬ 
similarity  in  the  X-Z  plane.  Self-similarity 
in  the  X-Y  plane  occurs  only  after  about 
x/tp  •  30. 

-  The  turbulence  kinetic  energy  and  shear 
stress  profiles  do  not  show  any  signs  of 
self-preservation,  for  x/tp  <  100  at  least. 

-  Memory  effects  of  the  Initial  conditions  may 
be  strong  in  the  flow. 
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Pig.  10a:  Turbulence  Kinetic  Energy  Profiles 
in  tha  X-Z  Plana. 


Pig.  10b:  Turbulence  Kinatic  Energy  Profiles 
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Pig.  11a:  Turbulent  Shear  Stresa  Profiles  in 
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ABSTRACT 

Experimental  results  on  plane  asymptotic 
nonbuoyant  jets  and  buoyant  plumes  are  presented.  All 
the  significant  plume  parameters  have  been  measured- 
many  of  them  for  the  first  time-  using  two-component, 
frequency  shifted  Laser  Doppler  anemometry  and 
resistance  thermometry.  These  results  show  that 
buoyancy  has  significant  effect  on  the  turbulence 
structure.  The  plume  data  can  be  used  as  bench  mark 
values  In  the  development  of  turbulence  models  for 
these  complex  flows. 

INTRODUCTION 

Buoyancy -driven  flows  represent  an  Interesting 
class  of  complex  turbulent  flows.  Such  flows  are  also 
of  considerable  practical  Interest  because  of  many 
engineering  applications.  There  Is  very  little 
Information  available  on  the  detailed  turbulence 
structure,  of  these  flows.  The  lack  of  comprehensive 
set  of  data  on  these  flows  has  been  a  major  drawback  In 
the  development  of  calculation  methods  for  their 
prediction.  The  available  literature  consists  of 
single  component  velocity  measurements  only.  [See 
Kotsovl nos (1975)  for  plane  plumes  and  George  et  al 
(1977),  Nakagome  i  HI  rata  (1976)  for  axl symmetric 
plumes].  The  purpose  of  the  present  study  was  to 
obtain  these  data  in  a  basic  buoyancy  dominated  flow 
situation,  namely  a  two-dimensional  asymptotic  plume. 
For  a  comparative  study,  corresponding  measurements 
were  also  obtained  In  two-dimensional  nonbuoyant  jets 
In  the  same  apparatus  using  the  same  instrumentation. 

EXPERIMENTAL  PROCEDURE 

Plumes  were  produced  in  the  present  experiments  by 
discharging  heated  water  vertically  upwards  from  a  two- 
dimensional  slot  located  on  the  floor  of  a  large 
reservoir  containing  cold  water.  The  slot  was  25  cm 
long  and  0.5  cm  wide  (0).  Two-dimensionality  of  the 
flow  was  Improved  by  confining  the  flow  between  two 
vertical  plexiglas  sidewalls  spaced  25  cm  apart. 
Traverses  were  made  for  obtaining  simultaneous  velocity 
'U,V)  and  temperature  (pT)  across  the  flow  (y- 
dlrectlon)  using  two-component  frequency-shifted  Laser 
Ooppler  Anemometry  (LDA)  and  resistance  thermometry. 
The  LOA  system  was  used  in  the  3-beam  fringe  mode  with 
polarization  being  used  to  separate  the  two 
components.  Frequency  trackers  were  used  to  process 
the  signals  from  the  photodetectors.  Instantaneous 
temperatures  were  measured  using  commercially  available 
quartz  fiber-coated  hot  film  probes  (OISA  55R11),  as 
"cold  film"  probes  In  a  Wheatstone  bridge  circuit.  A 
temperature  measuring  system  was  developed  for  this 
purpose.  This  system  uses  two  probes  one  of  which  Is 
placed  In  the  flow  and  the  other  in  the  "ambient",  so 


that  the  excess  temperature  (pT)  in  the  flow  can  be 
measured  directly.  This  system  has  a  flat  response 
upto  about  65  Hz,  which  was  adequate  for  the  present 
study.  The  three  channels  of  data  (U,V  from  LDA 
and  pT  from  the  temperature  system)  were  acquired, 
digitized  and  processed  using  the  HP-1000  minicomputer 
at  the  Institute.  Data  sampling  rates,  sample  sizes 
and  record  lengths  were  appropriately  chosen  to  obtain 
acceptable  accuracy  in  the  measurement  of  the  various 
mean  and  turbulent  properties  of  the  flow. 

The  nominal  experimental  conditions  corresponding 
to  the  plume  studies  are  the  following: 

(I)  exit  velocity,  U;  *  10  cm/s,  exit  excess 
temperature  pT.  -  72°  C.  This  flow  will  be 
referred  to  asJMSC3. 

(II)  exit  velocity,  U-;  -  5  cm/s,  exit  excess 

temperature  pT.  -  72“C.  This  flow  will  be 
referred  to  asJMSC4. 

In  addition,  experiments  were  also  conducted  on  a 
nonbuoyant  jet  (MSC2)  with  Uj  =>  30  cm/s,  and  pT.  »  ST 
and  an  Isothermal  jet  (MSCr)  with  U.  *  30  cnr/s  and 
pT.  «  0°C.  These  results  will  be  used  for  comparison 
with  those  of  the  plumes. 

Use  of  LDA  in  heated  flows  presents  certain 
serious  problems  associated  with  the  fluctuations  of 
refractive  index.  These  were  largely  overcome  by  using 
a  simple  but  very  effective  technique.  This  consisted 
of  passing  each  of  the  three  beams  through  tubes  (7.5 
cm  long  x  3  mm  dia)  filled  with  water  and  closed  at  one 
end  with  Wratten  gelatin  filter.  The  beams  were  thus 
isolated  from  the  heated  fluid  over  a  large  part  of 
their  passage  through  the  fluid  over  a  large  part  of 
their  passage  through  the  fluid.  The  tubes  ended  about 
5  cm  away  from  the  measurement  point  so  as  not  to 
disturb  the  measurements.  It  was  confirmed  (from 
measurements  made  with  and  without  tubes  in 
nonbuoyant/lsothermal  jets)  that  there  was  no 
significant  effect  of  the  tubes  on  the  measurements 
(see  figure  5). 

RESULTS  AND  DISCUSSION 

In  the  following  paragraphs,  results  from  the 
measurements  obtained  in  the  region  20  x  x/0  s  60  are 
presented.  It  was  found  that  all  the  three  flows  had 
attained  near-asymptotic  behavior  beyond  x/D  *  30. 
Extensive  results  including  mean  velocities,  mean 
temperature,  Reynolds  shear  stress,  heat  fluxes, 
turbulent  diffusion,  energy  spectra  and  intermittency 
distributions  have  been  obtained  in  this  region  and  are 
discussed  In  detail  in  Ramaprian  and  Chandrasekhara 
(1983).  Of  these,  only  the  major  results,  expecially 
those  that  are  of  direct  relevance  to  turbulence  model 
development  are  presented  here. 


Richardson  Nuatoer 

An  important  parameter  used  to  characterize  the 
plane  buoyant  jet  is  the  Richardson  number  R,  defined 
as,  (see  Kotsovinos,  1975)  , 

R ( x )  •  [Q(x )/M(x)]J/6 (x)  (1) 

Here, 

Q(x)  *  J  Udy  (2) 

M(x)  -J  TJ  2dy  (3) 

S  (x)  »  ;  a  gflTST  +  uT)  dy  (4) 


and 


are  the  kinematic  mass,  momentum  and  buoyancy  fluxes 
respectively,  a  is  the  thermal  expansion  coefficient  of 
water.  When  a  buoyant  jet  reaches  the  asymptotic 
state,  namely  the  plume,  it  Is  completely  characterized 
by  its  kinematic  buoyancy  flux,  which  is  conserved 
when  a  is  constant.  (Rouse  et  al,  1952).  It  can  be 
shown  that  the  Richardson  number  for  the  plume  is  a 
universal  constant  and  is  approximately  equal  to  0.3. 
Figure  1  which  shows  the  values  of  R(x)  at  different 
axial  locations  for  the  two  plumes  MSC3  and  MSC4 
confirms  this.  The  two  flows  despite  their  different 
initial  conditions  are  seen  to  approach  the  same 
terminal  value  of  R  (In  this  and  other  figures,  x0  is  a 
virtual  origin  obtained  from  plots  of  momentum 
variation  with  the  streamwlse  distance  x).  Kotsovinos 
(1975)  reported  a  value  of  0.6  for  this  terminal 
Richardson  number.  It  can  be  shown  that  this  value  is 
not  consistent  with  his  other  measurements.  (See 
Chandrasekhara,  1983). 

Decay  Rates  of  Maximum  Velocity -and  Excess  Temperature 
It  is  well  known  that  the  centerline  velocity  Um 
in  a  plane  nonbuoyant  jet  varies  as  the  inverse  square 
root  of  the  distance  from  the  virtual  origin. 
Dimensional  analysis  for  the  asymptotic  plane  plume 
shows  that 


or, 


UL/« 


s"3 
1/3  . 


(5) 


ou  *  constant. 


Hence,  Um  should  be  a  constant  along  the  plume.  Figure 
2a  shows  that  this  is  indeed  the  case.  Plotted  in  this 
figure  are  the  centerline  .velocities  for  the  two 
buoyant  jets,  normalized  by  s1/J  .  The  present  experi¬ 
ments  suggest  that 


1/3 


2.15. 


(6) 


This  value  is  different  from  the  value  of  1.66  quoted 
by  Kotsovinos  (1975).  The  value  of  1.88  quoted  by 
Rouse  et  al  (1952)  is  also  shown  for  comparison  In  the 
figure.  Figure  2a  also  shows  that  both  the  buoyant 
jets  have  reached  the  plume  state  in  the  experimental 
range. 

Dimensional  analysis  shows  that  in  the  plane 
plume,  the  centerline  excess  temperature  decays 
according  to  the  relation 


a  2/3  /(a  g  iTm)  .  otx. 


(7) 


Figure  2b  shows  that  the  centerline  temperature 
excess  decreases  linearly  with  x,  as  per  the  plume 
similarity  law,  eq.  (7).  Both  the  plumes  show  the  same 
decay  rate  within  experimental  scatter.  The  data 
indicate  that  o.  »  0.37.  There  is  better  agreement 
among  available''  results  in  the  literature  on 
temperature  decay  possibly  because  temperature  can  be 
measured  more  easily  and  reliably. 


given  to  this  observation.  The  temperature  profiles 
also  exhibited  self-similar,  near-Gaussian  shape  at  all 
the  measurement  stations.  Hence,  both  can  be  described 
well  by  the  expressions. 


and 


7T/Um  *  exP  (V/bu2) 

(8) 

rr/aTm  *  exp  ( -Ay 2/bt 2 ) 

(9) 

where 


and 


A  •  -In  (0.5) 

bu  *  velocity  half  width 

bt  *  temperature  half  width. 


Lateral  Mean  Velocity 

Mgure  4  shows  the  distributions  of  the  transverse 
mean  velocity,  V,  in  the  plume  at  different  x/D.  Even 
though  there  is  some  scatter,  the  trend  is  very  clear 
and  self-similarity  of*  the  profiles  is  perceivable. 
The  velocity  in  the  central  region  of  the  plume  is 
nearly  zero  showing  that  the  Streamlines  are  nearly 
parallel  there.  This  agrees  with  the  fact  that  the 
axial  mean  velocity  is  constant  in  the  plume  and  hence, 

—  I  „  ■  -2l  I  „  -  o 

3x  l y«0  ay  ly-0 

from  the  continuity  equation.  The  theoretical 
distribution  obtained  by  integrating  the  mass 
conservation  equation  as 


db. 


■jj-  *  — jj-  [n  exp  (-An  )  -  -j  /  ^  e.*f(n  /7T)]  (10) 

m 

(with  n  £  y/b  )  has  also  been  plotted  in  the  figure. 
Some  differences  can  be  seen,  especially  near  the 
edges.  However,  the  agreement  should  be  considered  to 
be  satisfactory  particularly  when  it  is  noted  that  the 
velocities  measured  are  of  the  order  of  a  few  (0-8) 
millimeters/  second.  Quantitative  differences  are 
primarily  due  to  measurement  uncertainties  and  possible 
non-Gaussian  behavior  of  the  axial  velocity  near  the 
edges. 

The  distribution  for  the  nonbuoyant  jet  MSC2  is 
also  shown  in  the  figure  for  comparison.  The 

distributions  of  7  across  jets  a-d  plumes  are  quite 
different  from  each  other  as  expected.  Since, 

3JJ/3 x  *  0  at  the  centerline  of  a  nonbouyant  jet, 
3"v/3y  is  also  nonzero  and  the  streamlines_di verge  near 
the  centerline.  The  distribution  of  "V,  therefore, 
crosses  zero  on  both  sides  of  the  jet.  Also,  of 

particular  interest  is  the  comparison  of  the 
entrainment  coefficients  for  the  jet  and  plume.  The 

entrainment  coefficient  oQ,  is  usually  defined  as 


1  dQ 


2  ive 


‘o  T3T 

m  m 


(in 


From  the  asymptotic  theory,  one  gets, 

a  *  0.122  for  the  nonbuoyant  jet 
and  a°  *  0.222  for  the  plume. 

Experimental 0  data  also  show  this  relative  increase, 
though  the  individual  magnitudes  are  seen  to  be 
lower.  This  shows  that  a  plume  entrains  nearly  twice 
as  much  ambient  fluid  as  the  jet.  Further,  since  U_  is 
constant  in  a  plume,  is  also  constant  everywhere 
along  the  plume,  unlike  in  a  jet  in  which  it  decreases 
continuously. 

Reynolds  Shear  Stress 

Hgure  b  shows  distributions  of  the  Reynolds  shear 
stress  uv  in  the  plume  MSC3  at  different  x/D  and  also 
Its  typical  distribution  in  the  plume  MSC4.  To  the 
best  knowledge  of  the  authors,  these  are  the  first 
shear  stress  data  available  on  two-dimensional 


Wean  Velocity 

All  available  data  show  that  the  velocity  profiles 
in  Jets  and  plumes  are  nearly  Gaussian.  This  is 
supported  by  the  present  study  (figure  3).  Slight 
deviations  can  be  seen  near  the  edges.  In  fact,  very 
slight  negative  velocities  were  also  measured  there. 
Since  these  were  of  the  same  order  of  magnitude  as  the 
measurement  uncertainties,  not  much  importance  can  be 


plumes.  Also  plotted  are  the  theoretical  distribution 
(obtained  from  the  momentum  equation)  and  the 
distributions  measured  In  the  isothermal  (MSC1)  and 
nonbuoyant  (MSC2)  jets.  The  comparison  between  the 
jets  MSC1  and  MSC2  validates  the  technique  used  for 
overcoming  the  refractive  index  problem.  The  measured 
values  for  the  plume  indicate  that  the  normalized  shear 
stress  profiles  are  self-similar  (within  experimental 
scatter)  and  that  the  peak  value  of  *  0.03  is  about  45i 
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higher  than  the  value  of  about  0.02  measured  In  the 
jets.  The  line  shown  In  figure  5  Is  drawn  by  eye-ball 
judgement  through  the  data  at  the  last  measurement 
station.  The  theoretical  distribution  of  uv  is 
obtainable  from  the  momentum  equation  as 
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figure  9.  An  average  constant  value  of  0.028  seems 
appropriate  for  the  normalized  eddy  viscosity  in  the 
isothermal  jet.  The  value  for  the  plume  is  seen  to  be 
about  0.040.  This  represents  an  increase  of  nearly  45% 
in  the  plume,  which  is  very  significant.  Also,  the 
distribution  of  e_  in  the  plume  is  flatter  and  shows 
that  the  overall"  turbulence  activity  is  increased 
everywhere  in  the  plume. 
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Ig  and  Ij  are  the  Integrals  I,  and  I-  evaluated 
between  --  to-.  The  theoretical  result  ‘ft  also  shwon 
in  figure  S.  It  indicates  a  higher  maximum 

value  «  0.034,  compared  to  the  measured  value.  8ut, 
the  general  agreement  between  theory  and  measurement  is 
satisfactory  over  most  of  the  plume.  Quantitative 
differences  are  once  again  due  to  possible  limitations 
of  the  theory  as  well  as  measurement  uncertainties. 
The  fact  that  uv  is  nearly  45%  higher  in  plumes  is 

significant  and  stows  that  the  turbulence  activity  is 
enhanced  by  buoyancy. 


Longitudinal  Heat  Flux 

Plotted  in  figure  6  are  the  distributions  of 
of  uf/Uji T  for  the  nonbouyant  jet  MSC2,  and  plumes 
MSC3  and  MSC4.  It  is  evident  from  the  figure  that  the 
values  for  the  plumes  are  larger  at  all  points  in  the 
flow.  Of  particular  Jnterest  is  the  total  area  under 
the  curve,  o  rJ-  ut  dy  ,  which  represents  the 
longitudinal  turbulent  heat  flux.  This  quantity  is 
abqjjt  10%  of  the  mean  kinematic  heat  flux, 

UaT  dy  .  The  value  of  40%  reported  by  Kotsovinos 
(1975)  in  this  connection  is  thus  contradicted  by  the 
present  study.  On  the  other  hand,  the  present  results- 
are  in  qualitative  agreement  with  those  of  George  et  al 
(1977)  and  Nakagome  and  Hi  rata  (1976)  for  round 
plumes.  These  results  confirm  that  the  asymptotic 
plume  is  not  drastically  different  from  any  other 
boundary  layer-like  flow. 


Mixing  Length 

The  Prandtl  mixing  length  z,  as  defined  by 

t2  -  -uv/  C(|y)  |  fy  |1  (15) 

was  calculated  for  both  the  flows.  Figure  10  shows  the 
distributions  of  the  nondimensional  mixing  length.  An 
Increase  of  15-20%  In  the  mixing  length  can  be  seen  for 
the  plume.  It  is  also  not  constant  across  the  plume. 
This  suggests  that  a  constant  mixing  length  model  is 
not  applicable  to  jets  and  plumes.  A  constant  eddy 
viscosity  model  seems  to  describe  the  structure  of 
these  flows  better. 

CONCLUDING  REMARKS 

A  simple  but  effective  technique  has  been 

developed  for  the  LDA  measurements  in  non isothermal 
flows.  Using  this  technique,  the  first  successful 

measurements  of  many  turbulent  properties,  notably  the 
Reynolds  shear  stress,  of  the  asymptotic  plume  have 
been  made.  Comparison  with  measurements  in  nonbuoyant 
jets  shows  that  buoyancy  increases  the  Reynolds 
stresses  significantly.  All  the  quantities  relevant  to 
the  development  of  turbulence  models  for  buoyancy 

driven  flows  are  presented.  Complete  details  of  the 
study  and  a  full  set  of  original  data  are  available 
from  Ramaprian  and  Chandrasekhara  (1983). 
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Velocity  derivatives  obtained  by  differentiating  the 
Gaussian  fit  to  the  velocity  data,  and  a  smoothed  shear 
stress  profile  were  used  for  the  calculation.  The 
resulting  distributions  of  (ed,/^^)  are  presented  in 
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(x-x0)  Figure  2a. 

Local  Richardson  number  in  plumes, 
x,  MSC3;  o,  MSC4;  - ,  R  *  0.29. 


Decay  of  centerline  velocity  in  plumes.  X, 

MSC3;  0,  MSC4 ;  — ,  Kotsovinos  (1975); - . 

Rouse  et  al  (1952);  - ,  line  corresponding  to 

ou=  2.15  (present  recommendation). 


pi  ""jre  2b.  Decay  of  centerline  excess  temperature  (or  density  difference) 
in  plume.  (aT*  *  C(x-x0)).  Present  experiments;  C  «  0.37; 

X,  MSC3;  0,  MSC4,  Kotsovinos  (1975):  - ,  C  *  0.42.  Rouse 

et  al  (1952):  C  *  0.38. 


Figure  3.  Longitudinal  mean  velocity  distribution  in  plume  MSC3.  x,  x/D  *  20; 
o,  x/0  *  30;  a,  x/0  *  40;  p,  x/D  *  60;  - ,  Gaussian. 
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Figure  6.  Distribution  of  longitudinal  heat  flux  in  plumes,  (symbols  same  as  in 
figure  5). 
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ABSTRACT 

A  forced  elliptic  jet  of  snail  aspect  ratio  (2:1) 
was  studied  experimentally.  The  measurements  included 
flow  visualization  in  a  water  jet  and  hot-wire  meas¬ 
urements  in  an  air  jet.  The  flow  visualization  re¬ 
sults  show  clearly  the  switching  of  the  major  and 
minor  axes  of  the  elliptic  vortex  rings  convected 
downstream.  At  low  forcing  frequencies,  the  deforma¬ 
tion  of  the  vortex  rings  in  the  jet,  agrees  with  the 
analysis  of  an  Isolated  elliptic  vortex.  At  high 
forcing  frequencies,  vortex  merging  occured.  The  evo¬ 
lution  of  the  vortices  during  merging  was  very  compli¬ 
cated.  The  measured  velocity  field  of  the  forced  jet 
was  similar  to  the  unforced  case.  For  example,  Che 
difference  of  the  flow  fields  in  the  major  and  minor 
sides  was  evident.  The  large  spreading  race  of  the 
minor  axis  side  relative  to  the  low  rate  of  Che  major 
axis  side  resulted  in  a  switching  of  the  jet  axes. 

INTRODUCTION 

In  Che  analysis  of  an  isolated  elliptic  vortex 
ring  by  Dhanak  &  DeBernardlnls  (1981),  it  was  shown 
chat  the  major  and  minor  axes  switched  as  Che  vortex 
moved  in  Che  downstream  direction.  AC  the  same  time, 
the  side  cross  section  of  the  vortices  also  deformed. 
The  deformations  were  a  strong  function  of  the  vortex 
aspect  ratio.  It  was  also  observed  in  a  two  dimen¬ 
sional  Jet  (Sforza  &  Trentacoste  1967)  that  there  la  a 
difference  in  the  mean  flow  field  between  the  two  axes 
planes.  It  was  the  purpose  of  the  present  research  to 
investigate  Che  vortex  evolution  in  a  forced  jet  and 
the  effect  of  forcing  on  the  elliptical  jet. 

In  the  flow  visualization  experiment,  the  forcing 
frequency,  f_,  was  varied  in  a  wide  range  with  r-.  •  e,  t 
co  the  most  amplified  frequency, f,  so  that  1.6f  '  - 
>  1/6?  .  In  the  hot  wire  measurements,  the  air  jet 
was  forded  only  at  the  preferred  mode  frequency. 

FACILITY  AND  INSTRUMENTATION 

The  experiments  were  performed  In  two  facilities. 
The  flow  visualization  was  csrrled  out  in  an  elliptic 
water  jet,  and  Che  flow  field  was  measured  by  a 
hoc-wire  in  an  air  jet. 

Both  jets  had  an  elliptic  nozzle  with  a  major  and 
minor  axes  of  50.8  mm  and  25.4  am,  respectively  (As¬ 
pect  ratio  2:1, Figure  1).  The  shape  of  Che  nozzles 
was  circular  at  the  side  which  was  connected  co  the 
cylindrical  stagnation  chamber  and  elliptic  at  the 
exit.  The  contraction  contours  on  boch  axes  were 
fifth  order  polynomials. 


The  water  jet  had  a  127  mm  diameter  pipe  as  a 
settling  chamber.  The  area  contraction  ratio  was 
12.5:1.  Honeycomb  and  screens  were  Installed  inside 
the  settling  chamber  co  reduce  Che  turbulence  level. 
The  entire  jet  was  submerged  in  a  water  tank 
(737  x  737  x  1219  mm3).  The  water  jet  was  driven  by  a 
wacer  pump  at  s  Reynolds  Number  of  7000  (based  on  Che 
nozzle's  major  radius  and  the  exit  velocity).  The  jet 
forcing  was  applied  by  a  rotating  butterfly  valve 
which  was  installed  In  the  hose  that  supplied  the 
water.  The  forcing  frequency  varied  between  1  Hz  to 
10  Hz.  The  natural  most  amplified  frequency  was  6  Hz. 
Food  color  injected  -into  the  flow  at  the  nozzle  lip, 
was  used  for  flow  visualization. 

The  air  jet  had  a  similar  nozzle  Co  that  of  Che 
water  Jet,  with  an  area  contraction  ratio  of  18:1.  An 
axial  fan  was  used  to  blow  air  through  the  Jet  at  a 
Reynolds  number  of  17000.  The  air  jet  stagnation 
chamber  was  a  212  mm  diameter  pipe.  Honeycomb  and 
screens  were  Installed  in  this  pipe  to  reduce  the  tur¬ 
bulence  level  to  O.iJ  at  the  exit.  Forcing  was  ap¬ 
plied  Co  the  jet  by  a  loudspeaker  Installed  at  the 
side  of  the  stagnation  chamber.  The  loudspeaker  was 
driven  by  a  sinusoidal  signal  generated  by  a  function 
generator  and  amplified  by  a  power  amplifier.  The 
forcing  level  was  41  of  the  mean  exit  velocity.  The 
forcing  frequency  was  60  Hz  which  was  the  preferred 
mode  frequency  of  the  Jet  at  U,"10  m/sec  and  also  the 
organ  pipe  resonance  frequencyJof  che  jet. 

The  flow  field  was  measured  by  a  constant  temper¬ 
ature  hot-wire  anemometer,  which  had  a  30  kHz  frequen¬ 
cy  response.  The  hot-wire  signals  were  digitized  and 
analyzed  by  a  PDP  11/55  minicomputer. 

EXPERIMENTAL  RESULTS 

Flow  Visualization 

The  dye  Injector  used  in  the  flow  visualization 
experiment  enabled  a  uniform  injection  of  dye  around 
the  nozzle  lips  so  that  the  entire  vortex  rings  could 
be  visualized.  Four  sequences  of  the  vortex  evolution 
in  the  jet,  for  three  different  forcing  frequencies, 
are  given  in  figures  2-5.  All  the  forcing  frequencies 
were  lower  than  the  natural  instability  frequency 
(6Hz).  The  instability  frequency  was  suppressed  be¬ 
cause  of  che  high  forcing  level,  and  che  vortices  were 
formed  in  the  forcing  frequency.  Riley  and  Metcalfe 
(1980)  also  showed  Chat  if  the  subharmonlc  frequency 
Is  introduced  Co  che  flow  without  che  fundamental  fre¬ 
quency,  che  pairing  process  is  bypassed  end  vortex 
roll-up  occurs  In  the  subharmonlc  frequency.  Figure  2 
shows  the  case  of  fj-i/ifn.i ,4Hz.  This  is  a  view  of 


che  minor  axis  side. 

The  vortex  section  of  the  Minor  axis  side  moves  faster 
than  the  ocher  sectloas  of  the  vortex,  causing  defor¬ 
mation  of  the  vortex.  This  trend  is  changed  when  axes 
switching  occurs,  yielding  a  straightening  of  the  vor¬ 
tex  crossectlon.  At  f?-2.7Hz»l/2f  ,  (figures  3  and  4) 
the  vortex  structures  are  depicted  in  both  Che  minor 
axis  plane(  figure  3)  and  major  axis  plane(  figure  4). 
Two  switchings  of  the  major  and  minor  axes  can  be  ob¬ 
served  in  this  case.  The  major  and  minor  axes  become 
equal  first  at  X/*"1.75,  and  a  second  time  at  X/a“3.4. 
(a  is  the  major  axis  radius.)  The  lag  of  the  minor 
axis  seccion  behind  the  major  axis  section  of  Che  vor¬ 
tex,  near  the  nozzle,  is  clearly  demonstrated  in  fig¬ 
ure  4.  In  che  downstream  direction,  at  X/a-4.3,  a 
vortex  merging  occurs.  Prior  to  this  merging  azimu¬ 
thal  instability  starts  to  develop  around  the  vor¬ 
tices. 

Using  a  sec  of  pictures  of  the  two  planes  at  this 
forcing  frequency  ,  three  sided  views  of  the  jet  vor- 
clces  evolution  are  reconstructed  in  figure  3.  The 
vortex  switching  is  evident  especially  from  the  top 
view.  This  data  is  used  to  compare  with  Che  evolution 
of  isolated  elliptic  vortex  rings  as  calculated  by 
Dhanak  and  De  Bernardinis  1981  (figures  6  and  7).  The 
present  case  which  has  an  elliptic  nozzle  with  an  as¬ 
pect  ratio  of  3.3,  is  compared  with  two  isolated  vor¬ 
tex  rings  aspect  ratios,  discussed  in  this  paper,  of 
3.4  and  0.6.  Two  geometrical  aspects  of  che  vortex 
structures  are  compared.  In  figure  6a  the  variation 
of  che  vortex  crossectlon  width  in  the  downstresa  di¬ 
rection  is  given  in  Che  two  planes,  as  a  function  of 
its  relative  time  in  the  switching  period.  Figure  6b 
describes  the  variation  of  the  vortices  deflection  he¬ 
ight^).  The  forced  elliptic  jet  vortices  have  a  very 
similar  evolution  pattern  as  the  isolated  vortex 
rings,  when  the  above  geometric  characteristics  are 
compared.  The  jet  behavior  is  somewhat  closer  to  the 
isolated  vortex  ring  with  a  3.6  aspect  ratio. 


In  an  unforced  elliptic  jet,  che  narrowing  of  che 
major  axis  side  was  not  observed  and  che  major  axis 
side  remained  constant  up  to  x/a«l2. 

The  variation  of  the  mean  axial  velocity  and  the 
axial  fluctuating  velocity  component  with  the  axial 
position  is  given  in  figure  12.  The  mean  velocity  re¬ 
mains  constant  up  to  x/ a-4 ,  while  the  axial  component 
of  che  intensity  reaches  maximum  value  at  x/a-9.  This 
behavior  is  different  from  a  axlsymmatric  jet,  where 
boch  these  locations  are  at  che  end  of  the  jet  poten¬ 
tial  cone,  at  a  distance  of  about  4.3  diameters  from 
the  nozzle. 

CONCLUSION 

The  visualization  of  an  unforced  elliptic  jet  did 
not  show  clear  vortex  ring  structures.  The  reason  for 
this  is,  probably,  because  the  higher  mode  instability 
waves  are  more  pronounced  in  this  jet.  In  a  jet  with 
spatially  coherent  forcing,  the  elliptic  rings  are 
clearly  observed.  When  che  forcing  frequency  is  about 
the  preferred  mode  frequency,  f  -  1/4  f  ,  the  vortex 
rings  behave  according  Fto  the11  theoretical 
prediction. (Dhanak  and  De  Bernardinis  1981).  At  f  ■ 
1/2  f  ,  vortex  merging  occurs.  The  vortices  defor*  in 
a  very  complicated  manner  during  their  merging. 

Hoc  wire  measurements  were  done  only  in  one  forc¬ 
ing  frequency,  f?  »  1/4  f  .  The  mean  flow  charac¬ 
teristics  of  the  present  forced  elliptic  jet  are  very 
similar  to  the  unforced  jet  (Gutmark  and  Bo  1983),  but 
they  are  very  different  from  an  axlsymmatric  Jet.  The 
large  difference  in  the  spreading  rates  of  the  major 
and  minor  axes  results  in  a  switching  of  the  two  axes. 

ACKNOWLEDGEMENT 

This  work  is  supported  by  AFOSR  under  contract 
No.  F49620-82-K-0019. 


A  vary  complicated  vortex  Interaction  pattern  is 
demonstrated  in  the  higher  forcing  frequency  of 
f  «3.9Hz.  The  merging  in  this  case  is  accompanied  by 
aF  strong  distortion  of  the  participating  vortices. 
The  merging  location  moved  upstream  (X/a-2.5) ,  rela¬ 
tive  to  its  location  at  X/a«4.3  for  f_«2.7Hz  (Figure 
3),  as  a  result  of  the  Increase  in  the  forcing  fre¬ 
quency. 

An  oblique  view  of  the  vortices  (figure  8)  reve¬ 
als  che  evolution  of  Che  elliptic  vortex  ,  through  che 
switching  process,  as  it  moves  downstream.  Three  con¬ 
secutive  switchings  can  be  observed  in  this  case. 


The  Velocity  Field 


The  mean  velocity  profiles  were  measured  on  both 
major  and  minor  axes  planes  from  x/a-0.05  (where  a  is 
che  radius  of  che  major  axis)  to  x/a-15.  (figures 
9,10).  The  difference  between  the  spreading  patterns 
on  both  axes  is  striking.  The  Jet  spreads  much  mors 
rapidly  in  the  minor  axis  plane.  Similar  behavior  was 
also  observed  in  a  unforced  elliptic  Jet  (Gutmark  and 
Ho  1983A,  Gutmark  and  Ho  1983B).  This  rapid  spreading 
resulted  in  a  substantially  higher  entrainment  of  this 
Jet  relative  to  an  axisymmetrlc  or  plane  jet.  A  more 
Illustrative  demonstration  of  che  switching  process 
ami  the  different  spreading  rates  of  both  axes  is 
shown  in  figure  11,  where  the  Jet  width  at  che  major 
and  minor  axes  planes  are  compared.  The  width  is  de¬ 
fined  here  as  the  distance  from  the  Jet  axis  to  the 
location  where  the  velocity  drops  to  53*  of  its  maxi¬ 
mum  value  ('frjs.Zg  .)  or  to  30X  (Tg^j.Z-j).  The  Jet 
width  on  the  minor  axis  plana  increases  continuously 
from  the  nozzle  exit  and  becomes  equal  to  the  major 
axis  at  x/a«4.  The  jet  width  on  the  major  axis  plane 
(To.,)  decreases  up  to  x/a*6  and  then  increases  again. 
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Figure  5:  The  Jet  vortex  evolution  at  fp«2.7Hz. 
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Figure  6:  A  comparison  between  the  evolution  of  the 
elliptic  Jet  vortices  and  Isolated  elliptic 
vortex  rings. 
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Figure  7:  Side  view  of  the  Jet  vortex  merging  on  the 
minor  axis  plane.  (fF»3.9Hr). 
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Figure  8:  Oblique  view  of  the  elliptic  Jet  vortices 
axe*  switching  (f_“2.7R*). 
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ABSTRACT 


Axi-sym»etric  turbulent  confined  jets  in  a  diver¬ 
ging  duct  have  been  investigated  experimentally  by  means 
of  pressure  measurements,  laser  Doppler  velocimetry  and 
flow  visualizations.  It  is  shown  that  the  2.5"  angle 
divergence  of  the  duct  has  an  important  effect  on  the 
flow  especially  when  the  inlet  conditions  lead  to  recir- 
lation  :  the  recirculation  eddies  extend  further  upstream 
and  have  larger  volume  flow,  the  pressure  rise  is  steeper 
and  higher  and  the  jet  expands  faster  than  in  constant 
area  ducts  flows  with  identical  inlet  conditions.  The 
turbulent  characteristics  depart  significantly  from 
chose  of  the  free  jet.  The  overall  flow  pattern  is 
highly  unsteady  in  the  presence  of  recirculation. 

INTRODUCTION 

Confined  jets  ave  of  great  practical  importance 
since  such  flows  occur  in  a  variety  of  industrial  appa¬ 
ratus,  in  particular,  in  combustors  and  in  ejectors. 

From  a  more  basic  point  of  view  they  also  present  a  num¬ 
ber  of  interesting  feetures  such  as  approximate  simila¬ 
rity,  entrainment  in  an  adverse  pressure  gradient  and 
recirculation.  Despite  the  apparent  complexity  of  these 
flows  a  great  deal  of  physical  insight  into  their  beha¬ 
viour  may  be  derived  from  the  knowledge  of  simple  cur- 
bulent  shear  flows. 

The  main  distinguishing  factor  of  confined  jets  is 
the  presence  of  an  adverse  pressure  gradient.  Hence,  the 
jet  evolves  in  an  ambiant  stream  with  decreasing  velo¬ 
city.  In  a  constant  area  duct  this  pressure  gradient  is 
solely  generated  by  the  turbulent  entrainment  of  the 
driving  jet.  Indeed,  because  of  the  entrainment  the  maas- 
flov-rate  of  the  jet  increases  with  downstream  distance 
and  since  the  total  mass-flow-race  through  the  duct  in 
constant  that  of  Che  ambiant  stream  must  decrease  and  so 
must,  therefore,  the  ambiant  velocity.  The  pressure  gra¬ 
dient  generated  by  the  ducted  jet  influences,  in  turn, 
its  evolution  and  entrainment  as  compared  to  those  of 
the  free  jet.  The  knowledge  of  che  relationship  betveen 
total  pressure  rise  in  che  mixing  duct  and  ambiant  mass 
flow  rate  is  essential  for  the  design  of  ejectors. 

Since  the  jet  also  spreads  while  it  entrains  two 
different  types  of  flow  occur  depending  upon  whether  the 
jet  reaches  che  wall  before  it  has  entrained  all 
the  ambiant  fluid  or  whether  the  jec  has  entrained  all 
the  ambiant  fluid  before  it  reaches  the  wall.  In  the 
latter  eventuality  the  ambiant  velocity  vanishes  in  the 
section  where  this  occurs.  Since  the  jet  does  not  cease 
to  entrain  beyond  this  point  the  ambiant  velocity  conti¬ 
nues  to  decrease  and  reverse  flow  sets  in.  The  jets  en¬ 
trains  thus  fluid  coming  from  downstream.  Such  recircu¬ 
lation  plays  a  crucial  role  in  combustors  since  it 
brings  hoc  gases  beck  upstream  thereby  stabilizing  the 
flame.  Since  che  entrainmenc  capacity  of  the  jet  is 
roughly  proportional  to  the  entrance  excess  velocity,  it 
is  seen  that  in  a  fixed  geometry  recirculation  may  be 


produced  by  increasing  the  jet  velocity  while  keeping  the 
ambiant  flow  constant. 

Down  to  the  end  of  che  recirculation  zone  or  to  che 
point  where  the  jet  reaches  che  duct  wall  the  jec  excess 
momentum  is  the  dominant  physical  parameter  and  the 
boundary  layer  on  the  duct  wall  plays  only  a  minor  role. 
Further  downstream,  however,  once  most  of  the  jet  excess 
momentum  has  been  mixed  accross  the  duct  che  wall  effects 
become  important  and  the  pressure  gradient  becomes  nega¬ 
tive.  The  flow  in  this  region  has  little  in  common  with 
jets  and  will  not  be  discussed  further  herein. 

CRAYA  and  CURTET  (1,2)  were  the  first  ones  to  reco¬ 
gnize  that  confined  jets  in  constant  area  ducts  may  be 
described  in  terms  of  a  single  similarity  parameter,  na¬ 
mely  the  dimensionless  total  impulse  or  the  related 
number  Ct  (for  definition  see  Fig.  1),  provided  the 
entrance  streams  are  clean,  in  particular  that  they  have 
thin  boundary  layers  and  negligible  turbulence,  and 
that  the  jets  remain  approximat  ly  self-similar. 
This  provisio,  in  particular,  implies  that  the  length  of 
the  initial  region  with  the  potential  core  is  short  com¬ 
pared  to  the  total  length  of  the  jet  development  also 
that  do/Do  c<  1 •  In  che  axysymmetric  case  it  is  suffi¬ 
cient  to  have  do/n0  <  1/3  (3).  Usually  the  wall  shear 
stress  may  be  neglected  compared  to  the  change  in  momen¬ 
tum  ;  Ct  is  then  a  constant  in  the  flow  direction.  If 
do  <<  Do  and  u„  «  w„  as  is  often  che  case  then  Ct  may  be 
approximated  by  :  Cf  »  .  Large  or  small 

values  of  Ct  correspond  therefore,  respectively  to  jets 
with  either  small  or  large  excess  momentum  sometimes 
described  as  weak  or  strong.  In  cylindrical  ducts  recir¬ 
culation  occurs  for  Ct  <  0.9  (A, 5). 

In  variable  area  ducts  the  pressure  gradienc  induced 
by  the  entrainment  is  evidently  modified  by  the  geometry. 
But  the  geometry  may  also  have  a  more  subtle  effect  on 
the  turbulent  entrainmenc  itself  so  that  the  behaviour 
of  the  resulting  flow  may  not  simply  be  infered  from  the 
knowledge  of  confined  jets  in  constant  area  ducts.  In 
particular,  in  a  diverging  duct  the  positive  pressure 
gradienc  is  enhanced  by  the  divergence  of  the  walls  but 
it  is,  a  priori,  not  possible  to  predict  how  it  will  mo¬ 
dify  the  spread  of  the  jet,  che  conditions  of  incipient 
recirculation  or  the  magnitude  of  the  recirculation.  Ic 
is  che  purpose  of  Che  presenc  research  to  try  to  answer 
some  of  these  questions.  Although  some  favorable  effects 
due  to  changes  en  the  duct  shape  have  been  observed  and 
are  included  in  some  designs  of  furnaces  or  ejectors, 
there  have  been  very  few  investigations  carried  out  on 
the  influence  of  the  duct  geometry  on  the  flow  (6-8)  and 
there  are  virtually  no  results  published  in  journals. 

APPARATUS.  INSTRUMENTATION. 

A  schematic  view  and  che  main  characteristics  of  che 
test  section  are  shown  on  Fig.  1 .  The  flowing  medium  is 
water.  The  divergence  angle  8  *  2.5°  was  chosen  such  as 
to  produce  a  high  pressure  gradient  without  separation 
for  an  inlet  velocity  profile  with  thin  boundary  layers 
and  no  jet  so  as  to  induce  measurable  effects  on  the 


confined  jet*  without  radically  altering  the  flow.  The 
geometry  is  axisymmetric. 

The  velocities  were  measured  with  a  laser  veloci- 
meter  operating  in  the  fringe  mode  and  the  Doppler 
frequency  was  measured  with  a  counter.  The  sign  of  the 
velocity  was  detected  by  using  a  double  fringe  pattern 
which  was  obtained  by  circular  polarization  of  one  of 
the  interfering  beams.  The  length  and  waist  of  the  probe 
volume  were  respectively  14.7  and  0.75  mm.  In  order  to 
minimize  refraction  effects  on  the  conical  surface  of 
the  duct  it  was  imnersed  in  a  water-tank  with  plane 
lattaral  walls.  Despite  chis  precaution  measurements 
were  not  possible  in  the  outer  third  of  a  cross  section 
when  the  plane  of  the  incident  laser  beams  was  inclined 
at  45*  to  the  duct  axis. 

The  flow  was  visualized  by  injecting  air  bubbles 
into  the  jet  through  a  hypodermic  needle.  The  bubble 
diameter  was  approximat i ve ly  0.2  -  0.3  mo  and  remained 
remarquably  constant.  The  rise  of  the  bubbles  was  quite 
small  compared  to  the  axial  velocities. 

The  jet  velocity  was  6.5  m/s  for  the  flow  visuali¬ 
zations  and  the  pressure  measurements  and  40  cm/s  for 
the  velocity  measurements  in  order  to  have  Doppler  fre¬ 
quencies  compatible  with  the  frequency  response  of  che 
photodiode  circuit. 

Although  the  CRAYA-CURTET  number  Ct  is  not  constant 
in  variable  area  ducts  its  value  at  the  inlet  may  conve¬ 
niently  be  used  to  characterize  both  the  kinematical 
and  the  geometrical  conditions  of  the  entrance  flow.  It 
-  is,  further  more,  very  useful  for  the  comparison  with 
flows  in  constant  area  ducts  since  for  a  given  value  of 
Ct  the  differences  observed  between  the  flows  in  vari¬ 
able  and  constant  area  ducts  are  then  solely  due  to  the 
duct  geometry. 

HE  CRITICAL  CRAYA-CURTET  NUMBER 

Flow  visualizations  were  performed  first  with  the 
aim  to  determine  the  critical  value  of  Ct  for  incipient 
recirculation  and  the  extent  of  the  recirculation  region. 
These  results  provided  useful  guidance  for  the  selection 
of  Che  test  cases  in  which  detailed  measurements  were 
carried  out  as  well  as  during  these  measurements  for 
their  interpretation.  The  mean  positions  of  the  begin¬ 
ning  and  of  the  end  of  the  recirculating  eddy,  i.e.  the 
points  of  separation  S  and  reattachment  R ,  were  deter¬ 
mined  from  several  photographies  for  a  given  value  of  Ct- 
It  was  difficult  to  localize  the  point  R  with  some  accu¬ 
racy  because  of  the  instability  of  the  reattachment. 
Since  this  point  was  close  to  the  exit  of  the  duct  which 
was  feeding  directly  into  the  downstream-tank  through  a 
sudden  expansion  Chis  instability  may  have  been  worse 
than  usual  here  despite  a  sec  of  stilling  grids. 

The  results  are  presented  on  Fig.  2  together  with 
chose  of  the  cylindrical  duct  (4,5).  It  is  seen  that  S 
moves  upstream  with  decreasing  Ct  while  che  position  of 
R  is  independent  of  Ct  in  both  geometries.  As  expected, 
however,  separation  occurs  earlier  and  reattachment 
later  in  che  diverging  than  in  che  cylindrical  duct.  The 
largest  increase  in  che  length  of  the  recirculation 
region  due  to  che  duct  divergence  is  about  1.2  Do  and 
occurs  for  Ct  a  0.75. 

The  intersection  of  the  3 -curve  with  the  median 
line  of  the  reattachment  band  determines  the  critical 
value  of  Ct  of  incipient  recirculation.  For  the  diver¬ 
ging  duct  Crcri  *  1*1  where  as  its  value  is  0.9  for  the 
cylindrical  duct.  Consequently  in  a  conical  duct  with  a 
2.5*  divergence  recirculation  may  be  produced  with  an 
ambiant  velocity  about  20  X  larger  than  in  a  constant 
area  duct  all  other  factors  being  the  same.  On  che  basis 
of  these  results  it  was  decided  to  make  measure¬ 
ments  in  the  following  three  cases  :  Ct  •  1.23  without 
recirculation,  Ct  *  0,45  with  moderate  recirculation  and 
Ct  *  0.59  with  strong  recirculation. 

Still  photographies  (fig. 3)  and  moving  pictures 
show  that  the  recirculating  flow  is  highly  unsteady  when 
Ct  <  0.6.  The  tail  of  the  jet  desintegrates  into  eddies 
which  are  swept  downstream.  For  very  small  vaiies  of  Ct,  say 
Ct  <  0.3,  the  jet  oscillates  from  one  wall  to  the  other 
and  the  recirculating  eddy  alternatively  swells  and 
shrinks  from  a  maximum  size  equal  to  the  duct  radius  to 
almost  zero.  There  are  large  negative  velocities  in  che 
eddy  when  it  is  big  and  whan  it  is  small  the  fluid  is 


nearly  stagnant.  Since  these  visualizations  were  made 
with  a  single  plane  light-sheet  chey  only  give  the 
intersection  of  a  more  complicated  three-dimensional 
motion  with  this  plane.  It  would  be  interesting  to  cap¬ 
ture  this  motion  by  making  simultaneous  observations  in 
two  orthogonal  planes.  Behaviours  similar  to  those  des¬ 
cribed  above  have  been  observed  in  che  cylindrical 
duct  (4). 

TEE  PRESSURE  DISTRIBUTION 

The  measured  pressure  distributions  for  a  range  of 
CRAYA-CURTET  numbers  are  shown  on  Fig.  4.  The  ideal  pres¬ 
sure  recovery  in  the  diverging  duct  for  a  stream  with  a 
uniform  velocity  distribution,  i.e.  without  a  central 
jet  (Ct  ■  ),  is  also  drawn  on  the  figure  for  reference. 

The  estimated  value  ( ~  0.58)  of  the  total  pressure 
recovery  taking  into  account  the  growth  of  the  boundary 
layers  is  shown  too. 

To  understand  these  distributions  of  the  pressure 
along  the  duct  it  is  helpful  to  separate  the  effects  of 
the  three  following  mechanisms  : 

a)  the  jet  entrainment  discussed  earlier 

b)  the  contraction  of  the  ambiant  flow  and  espe¬ 
cially  the  expansion  of  the  core  flow  due  to  the  pre¬ 
sence  of  the  recirculation  bubbles 

c)  the  divergence  of  the  duct. 

The  pressure  rise  due  to  the  first  two-mechanisms  is 
entirely  due  to  the  loss  of  momentum  generated  by  the 
turbulent  homogenization  of  the  transvere  velocity  dis¬ 
tribution.  The  maximum  possible  pressure  rise  due  to  che 
mixing  of  momentum  (Ap )nm,t  for  uniform  exit  flow 
and  a  constant  area  duct  is 


M— 


where  the  assumptions  do  <<  D0,  »mo<<  tyn  leading  to 
Ct  st  have  been  made.  In  the  present  experi¬ 
ments  do/Do  -  1/10  and  —1—  ^  4  — ■—  so  that  the 
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above  result  is  qualitatively  correct.  It  clearly 
shows  that  the  pressure  rise  scales  with  for 

Ct  of  the  order  one,  that  it  is  a  decreasing  function  of 
Ct  and  that  for  Ct  <  1  it  can  greatly  exceed  • 

The  pressure  gradient  due  to  the  geometry  alone  is 
approximately 

4  dR/K 

if  £ !  «  R»  ,  £  being  the  jet  width  (see  Fig.1).  Since 

in  the  present  experiments  £  /R  <  1/2,  chis  result 
again  is  qualitatively  correct.  It  means  chat  the  pres¬ 
sure  gradient  due  to  the  duct  divergence  depends  mainly 
on  the  local  ambiant  velocity  u  and  not  on  the  velocity 
of  the  jet.  However,  since  the  jet  entrainment  produces 
a  decrease  in  u  Che  jet  will  steepen  this  gradient,  an 
effect  which  again  is  a  decreasing  function  of  Ct- 
The  first  set  of  curves  (Fig. 4)  for  Ct  >  1 • 14 
may  be  explained  from  the  combined  influence  of  mecha¬ 
nisms  a)  and  c) .  Clearly  in  the  absence  of  a  core  jet, 
the  pressure  distribution  would  lie  below  the  ideal 
fluid  curve  due  to  the  thickening  of  the  boundary  layers. 
The  fact  that  all  the  distributions  lie  above  this  curve 
may  solely  be  accounted  for  by  the  jet  entrainment.  The 
increase  of  the  pressure  rise  with  decreasing  Ct  under¬ 
scored  above  is  born  out  by  the  measurements. 

This  influence  of  Ct  is  even  more  marked  for  Cp4  1 •' 
on  the  second  set  of  curves  in  the  first  part  of  the 
duct  where  the  pressure  rise  is  very  steep  for  low 
values  of  Cf  It  is  seen  that  the  pressure  along  the 
first  half  of  the  recirculation  zone  is  nearly  constant 
as  had  been  postulated  in  some  early  furnace  design 
methods  (10,  11).  In  this  region  the  effect  of  the  con¬ 
traction  of  the  ambiant  flow  is  roughly  off-set  by  the 
entrainment  and  the  geometry.  After  this  region  of  rela¬ 
tively  constant  pressure,  there  is  a  very  sharp  pressure 


rise  which  can  neither  be  accounted  for  by  the  entrain¬ 
ment  nor  by  Che  geometry  and  is  due  to  Che  rapid  diver¬ 
gence  of  the  core  flow  on  the  downstream  side  of  the 
recirculation  bubble.  For  instance  for  a  pressure  rise 
of  about  4  (‘/if  )  as  measured  here  for  Cc  *  0.57, 

it  is  sufficient  to  have  a  bubble  width  of  R/3.  This 
final  pressure  rise  is  steeper  and  larger  for  smaller 
values  of  Ct  ,  a  fact  consistent  wich  the  increase  in 
size  of  the  recirculation  bubble.  It  is  noteworthy  to 
observe  chat  these  successive  trends  of  the  pressure 
distribution  are  already  observed  for  the  critical 
CRAYA-CURTET  number  alchough  Che  changes  are  less  abrupt. 

Similar  behaviours  havs  been  observed  by  BARCHILON 
(4,5)  in  the  cylindrical  duct.  As  expected  the  pressure 
distribution  in  the  divergent  duct  for  nearly  the  same 
value  of Cc i*  located  above  that  of  Che  cylinder.  In  this 
geometry  a  pressure  decrease  just  upstream  of  the  sepa¬ 
ration  point  S  has  actually  been  observed  for  Cc  *  0.5) 
which  can  only  be  explained  by  the  convergence  of  the 
streamlines  of  the  ambiant  flow. 

THE  MEAN  VELOCITY  FIELD 

Similarity  of  Che  mean  velocity.  Similarity  of  the 
mean  velocity  distribution  of  the  jet  is  of  practical 
interest  since  the  profile  may  then  be  described  by  a 
single  velocity  and  length  scale.  Such  similarity  has 
been  assumed  in  all  integral  theories  of  confined  jets 
(1,2  ;  12,  13).  Strict  similarity  requires  that  w«/ui 
remains  constant,  a  condition  which  generally  is  not 
satisfied  and  could  only  be  so  by  tailoring  Che  duct 
walls.  For  practical  purposes,  approximate  similarity  is 
sufficient.  This  may  be  realized  if  u,  «  W  which 
insures  that  the  pressure  gradient  u,  'jjui  has  a  small 
effect  on  the  jet  and,  of  course,  only  so  far  downstream 
as  the  jec  is  well  defined,  also  approximady  as  far  ea 
the  middle  of  the  recirculation  region. 

Fig.  5  shows  that  for  Ct  "  0.77  similarity  is 
satisfactory.  The  scatter  around  a  mean  curve  is  racher 
worse  for  Ct  »  0.59  and  Ct  *  1.23.  It  may  be  remarked 
that  if  the  pressure  gradient  has  a  small  effect  on  the 
central  part  of  the  jet,  it  must  affect  the  edges  where 
U  is  small  and  must,  therefore,  change  the  shape  of  the 
profile.  Since  approximate  similarity  is  nevertheless 
maintained  it  irs  due  to  the  vigorous  mixing  of  the 
turbulence. 

Jet  flow  rate.  The  down  stream  variations  of  excess 
flow  rate  of  the  jec  qj  are  strongly  affected  by  the 
inlet  -  Ct  (Fig. 6).  The  initial  differences  in  q j /q 
between  Che  three  cases  are  quickly  overshadowed  by  the 
differences  in  growth  rate  also  of  the  entrainment  rate. 
The  latter  rate  depends,  of  course,  upon  the  velocity 
difference  W,,,  which  increases  wich  decreasing  Cc.  But 
this  alone  connot  account  for  the  large  differences  in  the 
observed  growth  rate  of  qj.  Indeed,  in  the  present  ex¬ 
periments  (  u..a  *  «.,*  )  was  kept  constant  so 

Chat  *r  AC, /to  ,  and  that  between  the  test  cases 

Ct  "  0.775  and  0.59  the  velocity  scale  in  the  initial 
region  differs  only  by  2  Z  (but  At, „  differs  by 

about  30  Z)  while  the  differences  in  o 

are  obviously  much  larger.  Clearly  the  the  entrainment 
rate  via  the  turbulence  must  be  influenced  by  the  pres¬ 
sure  gradient. 

This  basic  problem  has  so  far  received  very  little 
attention  in  the  case  of  free  shear  flows.  The  only 
work  known  to  the  authors  is  that  REB0LL0  (14)  who  in¬ 
vestigated  a  plane  shear  layer  in  a  diverging  channel. 

He  also  found  an  increase  in  entrainment  caused  by  the 
positive  pressure  gradient.  This  effect  could  possibly 
be  explained  by  the  tendency  of  such  a  gradient  to  in¬ 
crease  velocity  differences  also  the  mean  shear  and 
hence  the  turbulence  production. 

The  values  of  qj/Q  larger  than  one  are  due  to  the 
entrainment  of  the  recirculacing  flow.  Bated  on  a  conti¬ 
nuity  argument ,  it  is  assumed  that  the  jet  extends  to 
the  point  of  minimum  velocity  in  the  recirculation  zone. 
The  decrease  of  qj/Q  beyond  the  maximum  muse,  of  course, 
not  be  interpreted  as  meaning  negative  entrainment  1  It 
is  only  a  consequence  of  the  arbitrary  definition  of  the 


jet  which  is  meaningless  there  as  well  as  the  distinc¬ 
tion  between  jec  and  ambiant  flow. 

Finally,  the  maximum  recirculating  flow 
((qj/Q)max  -  D  is  notably  larger  than  in  a  straight 
duct.  Recirculating  flows  of  0.2  and  0.6  respectively 
are  obtained  here  for  Ct  •  0.78  and  0.59.  To  produce 
such  recirculation  in  a  cylindrical  duct  would  require 
values  of  Cc  equal  to  approximately  0,5  and  0.3  (4,5). 

In  other  terms,  this  means  chat  in  the  present  diver¬ 
ging  duct  the  same  recirculation  can  be  maintened  wich 
a  secondary  flow  discharge  q  to/q j 0  mt  7  and  6  correspon¬ 
ding  to  Cc  —  0.8  and  0.6  respectively  as  compared  with 
9lo  /djo34  and  3  in  the  constant  area  duct,  also  with 
nearly  twice  the  secondary  flow  discharge.  This  finding 
is  particularly  significant  for  the  design  of  combustion 
chambers. 

Center  Line  Velocity  Decay.  Contrary  to  the  jet 
volume  flow  the  centerline  velocity  decay,  depends  very 
little  upon  Ct  (Fig. 7)  and  consequently  upon  the  posi¬ 
tive  pressure  gradient.  This  is  noc  surprising  since  the 
pressure  gradient  has  a  comparatively  small  effect  on 
the  parts  of  the  flow  where  .the  inertia  and  hence  the 
velocity  is  large. 

Jet  Spread.  The  jet  width  £  is  determined  from  the 

relation  qj  «  fif'6*!..  ■  In  the  absence  of  self-simi¬ 

larity  therate  of  spread  of  the  jet  di/Rx.  cannot  be 
rigorously  independent  of  the  downstream  position  (FigBX 
But  in  order  to  compare  the  various  flows  with  each 
other  it  is  convenient  to  use  a  mean  race  obtained  from 
a  best  fit  straight  line  as  long  as  Al/i.*-  for  a  given 
flow  does  not  vary  too  rapidly.  This  is  actually  the 
case  even  in  the  presence  of  recirculation  approximately 
as  far  as  the  center  of  the  eddy. 

Fig.  9  demonstrates  that  Che  spreading  rate  of  the 
jet  is  strongly  affected  both  by  Ct  and  by  the  duct  diver¬ 
gence.  Its  decrease  with  Ct  and  the  values  below  the 
one  of  the  free  jet  in  still  surroundings  are  due  to 
the  inertia  of  the  ambiant  stream  (larger  Ct  implying 
larger  / u(C  ratios).  This  is  analogous  to  the  pro¬ 
gressive  slow-down  of  the  spread  of  a  jet  in  an  uncon¬ 
fined  ambiant  stream. 

The  rates  of  spread  higher  than  that  of  the  free 
jet  and  the  faster  spread  in  the  diverging  duct  as  com¬ 
pared  to  that  in  the  constant  area  duct  for  a  set  value 
of  Ct  may  only  by  accounted  for  by  the  pressure  gradient. 
It  should  be  stressed  that  the  jet  width  used  here  is 
based  on  Che  volume  flow  of  the  jet  and  not  on  the 
half-width  of  the  mean  velocity  profile  whose  growth 
includes  the  turbulent  spread  as  well  as  the  divergence 
of  the  streamlines  due  to  the  pressure  gradient  when  it 
is  present.  The  growth  rate  of  the  half-width  would, 
therefore,  no  longer  be  a  true  measure  of  the  turbulent 
entrainment  in  this  case. 

REB0LL0  (14)  mentioned  above  found  Chat  a  2.7° 
half  angle  divergence  of  the  channel  produced  a  60  Z 
increase  in  the  spread  of  the  plane  shear  layer.  This 
observation  confirms  also  Che  present  results. 

It  is  -ather  remarkable  that  integral  methods  like 
that  of  CRAYA-CURTET  (1,2)  correctly  predict  this  change 
in  spread  with  Ct  in  constant  area  ducts.  It  remains 
however,  to  be  tested  for  variable  area  ducts.  The  es¬ 
sential  ingredient  of  the  method  leading  to  these  suc¬ 
cessful  predictions  is  the  strong  closure  assumption  of 
a  self-similarity  identical  to  that  of  the  free  jet 
with  the  same  average  value  of  •  although  this 

is  strictly  speaking  incompatible  with  the  presence  of 
either  an  ambiant  flow  or  a  pressure  gradient.  It  would 
no  doubt  be  instructive  to  find  out  which  combination 
of  basic  mechanisms  could  account  for  this  result. 

THE  TURBULENCE 

The  longitudinal  turbulent  intensity  remains 
roughly  similar  but  the  profile  is  notably  different 
from  the  free  jet  profile  as  may  be  seen  on  Fig.  10  for 
Cc  »  0.59.  In  particular,  the  intensity  on  the  axis  is 
about  20  Z  less  than  in  the  free  jet  whereas  it  is 
higher  in  the  outer  region.  This  is  consistent  with  the 
effect  of  increased  shear  due  to  the  effect  of  pressure 


gradient  in  this  region  suggested  above.  But  since  the 
measurements  of  the  turbulence  there  include  Che  con¬ 
tributions  from  the  velocity  variations  caused  by  che 
global  instabilities  of  the  jet  this  interpretation 
must  be  viewed  with  caution.  This  instability  seen  on 
the  visualizations  is  also  clearly  visible  on  cime  re¬ 
cordings  of  the  velocity  on  the  edge  of  the  jet  which 
changes  sign  at  cime  intervals  much  larger  chan  the 
period  of  che  showesc  turbulent  fluctuations.  Apparent 
also  is  chat  these  fluctuations  are  much  more  energetic 
when  the  velocity  is  positive  also  wnun  the  point  is 
swept  by  jet  as  compared  to  their  level  when  the  point 
is  in  che  reverse  flow. 

The  influence  of  the  CRAYA-CURTET  number  on  the 
downstream  evolution  of  the  turbulent  intensity  is  man- 
fest  on  Fig.  11,  especially  the  difference  between  flow 
with  or  wichouc  recirculation.  In  che  latter  case  the 
intensity  increases  steadily  and  exceeds  che  asymptotic 
level  of  the  free  jet  ;  the  structure  of  the  flow  from 
jet-like  becomes  wake-like.  In  the  former  a  constant 
level  below  that  of  the  free  jet  is  reached. 

The  turbulent  shear  stress  was  measured  in  the  case 
Ct  »  0.59.  The  profiles  are  shown  on  Fig.  12  and  the 
downstream  evolution  of  the  maximum  value  on  Fig.  13. 
Considering  che  measurement  difficulties  the  accuracy  of 
ch#  data  appears  satisfactory.  It  is  seen  that  the  pro¬ 
files  evolve  continually  in  che  downstream  direction 
and  do  not  stabilize  near  the  profile  of  the  self-pre¬ 
serving  free  jet.  In  particular  che  maximum  value  does 
not  remain  conscanc  once  it  reaches  -  and  somewhat  over¬ 
shoots  -  che  value  of  the  fully  developed  free  jet  con¬ 
trary  to  the  behaviour  of  the  turbulent  instensity.  But 
this  issaediate  decrease  of  (  -  u7j  Jmax  is  not 

really  surprising  if  we  observe  that  its  beginning 
coincides  with  that  of  the  recirculation.  Comparison 
with  the  rare  results  in  cylindrical  ducts  seems  to 
indicate  a  faster  initial  increase  of  this  parameter  in 
the  diverging  duct  consistent  with  the  faster  spread 
discussed  earlier.  Finally  it  is  noteworthy  to  observe 
that  the  shearstress  profiles  are  somewhat  narrower  than 
che  equilibrium  free  jet  profile  again  unlike  the  beha¬ 
viour  of  the  turbulent  intensitv. 

Some  integral  length  scales  L  have  also  been  deter-, 
mined  from  auto-correlation  measurements  also  forCt  *0.59. 
Beyond  15  do  the  ratio  L/C  is  constant  and  approximatly 
equal  to  0.5  as  in  the  free  jet  (15).  It  should  be  remem¬ 
bered  chat  in  this  instance  l  increases  faster  than 
in  the  free  jet.  The  turbulent  length  scale  kepts  also 
up  with  che  growth  of  the  mean  flow. 

The  turbulence  data  collected  clearly  does  not  con¬ 
firm  che  similarity  assumption  made  in  integral  theories. 
Not  only  does  the  downstream  evolution  of  the  longitu¬ 
dinal  intensity  depend  upon  Ct  and  differ  from  that  of 
the  free  jet  but  che  shear  stress  displays  a  complete 
lack  of  sisdlarity. 

Finally  Chase  measurements  do  not  reveal  a  turbu¬ 
lent  activity  of  much  greater  intensity  than  in  the 
free  j  et  which  could  simply  account  for  the  larger 
entrainment  and  faster  spread  observed  in  these  confined 
jets. 

CONCLUDING  REMARKS. 

The  results  of  the  present  experimental  investi¬ 
gation  establish  che  beneficial  effect  of  the  duct 
divergence  on  various  properties  of  confined  jets,  in 
particular  the  pressure  rise  and  the  intensity  of  the 
recirculation  flow  which  are  crucial  for  the  performance 
of  jet  pumps  and  combustion  chambers.  It  is  also  shown 
that  the  turbulent  entrainment  rate  is  enhanced  in  che 
presence  of  a  positive  pressure  gradient.  The  turbulence 
data  collected  does  unfortunately  not  hint  any  simple 
explanation  of  this  basic  observation. 

The  basic  problem  of  che  influence  of  a  positive 
pressure  gradient  on  the  entrainment  characteristics  on 
free  shear  flows  and  the  importance  of  che  effects  ob¬ 
served  here  would,  no  doubt,  warrant  further  research. 
Because  of  the  global  inatabilities  of  the  confined  jets 
at  small  values  of  Ct  it  would  also  be  interesting  to 
perform  eonditionnally  sampled  measurements  in  order  to 
obtain  the  effection  turbulent  Reynolds  stresses.  Such 
measurements  could  shed  some  light  on  the  question  of 
the  entrainment. 

Calculations  with  the  turbulence  k  -£  model  (16) 


have  been  performed  on  jets  in  a  constant  area  duct.  The 
predictions  for  the  recirculating  flow,  eddy  location 
and  size  are  in  reasonable  agreement  with  the  experi¬ 
mental  data. 

It  would  be  interesting  to  repeat  such  computations 
for  the  flows  in  a  diverging  duct  presented  hereandtomake 
more  extensive  comparisons  with  the  experiments  especial¬ 
ly  with  the  pressure  distributions,  che  jet  expansion 
rate  and  the  Reynolds  stresses.  If  good  agreement  is 
obtained  the  turbulent  model  could  then  be  used  to  gain 
a  better  understanding  of  the  respective  importance  of 
the  various  mechanisms  which  influence  the  flow  and  of 
their  interactions  in  terms  of  the  parameter  Ct-  Some 
insight  could  then  hopefully  also  be  gained  from  these 
on  the  influence  of  the  pressure  gradient  on  the  turbu¬ 
lent  entrainment.  In  case  of  good  agreement  it  would 
then  be  useful  for  practical  purposes  to  investigate  che 
influence  of  the  divergence  angle  or  of  more  complexe 
shapes  on  the  flow. 
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Fig. 3  Flow  visualization  Ct  •  0.59 


Fig. 6  Variation*  of  jet  flow  rate  with  streanwise  distance 
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Fig. 7  Jet  centerline  velocity  decay 


Fig. 11  Streanwise  evolution  of  centerline  longitudinal 
turbulent  intensity 


o 

C)  ■ 

1  ,23 

• 

■ 

0,775 

0 

c,  • 

0,59 

* 

Point 

S 

20  30'  40 

Fig. 8  Axial  evolution  of  the  jet  width 


Fig. 9  Jet  rate  of  spread  vs  Ct 
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Fig. 13  Streanwise  evolution  of  maximum  turbulent  shear  stress 


Fig. TO  Radial  distribution  of  longitudinal  turbulent  intensity 


AN  EXPERIMENTAL  STUDY  OF  THE  MIXING  OF  A  JET  INTO  A 
CROSS  FLOW  USING  HEAT  AS  A  PASSIVE  SCALAR 
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ABSTRACT 

Spectral  analysis  results  and  conditional  avaragas  of 
wiaus  turbulent  quantities  are  presented  far  various  velocity 
ratios  and  Reynolds  numbers.  A  unique  conditional  sampling 
technique  has  been  used  which  seprrates  contributions  from  the 
turbulent-jet  flow,  the  irrotational  jet-flow,  the  turbulent 
cross-flow  and  the  irrotational  cross-flow.  The  intermittency 
factor  profiles  indicate  that  irrotational  cross-flow  intrudes  the 
pipe  but  does  not  contribute  to  the  average  turbulent  quantities 
while  the  jet-pipe  irrotational  flow  contributes  significantly  to 
them  in  the  region  above  the  exit  where  the  interaction  between 
the  boundary  layer  eddies  and  those  of  the  pipe  starts  to  take 
place.  Further  downstream  the  contributions  of  the  oncoming 
boundary  layer  eddies  to  the  statistical  average  reduce  signi¬ 
ficantly.  The  downstream  development  depends  mainly  on  the 
relative  eddy  size  of  the  interacting  turbulent  fields. 

NOMENCLATURE 

Iq  intermittency  function  based  on  hot/cold  discrimination 

|uv  intermittency  function  based  on  turbulent/non- turbu¬ 

lent  discrimination 
D  pipe  diameter 

f  frequency 

R  Vj/U*  jet  to  cross-flow  velocity  ratio 

U,V,W  Instantaneous  velocity  components  in  x,y,z  directions 
respectively 

U,V,W  mean  velocity  components 
u,v,w  fluctuating  velocity  components 
x,y,z  coordinates:  streamwise,  normal  and  lateral  respec¬ 
tively 

St  fD/jje  Strouhal  number 

T  instantaneous  temperature 

•&  fluctuating  temperature 

y  intermittency  factor 

$  one  dimensional  power  spectrum 

SUBSCRIPTS 

e  cress-flaw  at  infinity 

j  jet  flow  at  infinity 

HT  Hot  and  Turbulent  fluid 

HN  Hat  and  N on-turbulent  fluid 

CT  £oid  and" Turbulent  fluid 

CN  £old  and  Non- turbulent  fluid 


1.  INTRODUCTION 

This  paper  is  one  of  a  series  reporting  on  jet-in-a  cross-flow 
experiments  carried  out  at  this  department.  The  experimental 
program  included  a  flow  visualisation  study,  wall  static  pressure 
measurement,  end  mean  end  fluctuating  velocity  measurements 
including  the  flow  regions  inside  the  paper.  The  results  have 
been  reported  by  Foss  (1980),  Andreopoulos  (1982a)  aid  Andreo- 
poulas  and  Rodi  (1982). 

The  present  paper  describes  same  structural  characteristics 
of  flow,  additional  to  those  observed  by  Foss,  and  tries  to  illu¬ 
minate  the  way  the  crass  flow  boundary  layer  mixes  and/ar  in¬ 
teracts  with  the  jet-pipe  flow  (see  figure  1).  Although  it  is 
established  that,  at  high  velocity  ratios,  the  near  field  of  jets 
in  a  cross-flow  is  controlled  largely  by  complex  inviscid  dyna¬ 
mics  so  that  the  influence  of  turbulence  on  the  flow  develop¬ 
ment  is  rather  limited,  the  flow  downstream  is  always  influenced 
by  turbulence  and  at  small  velocity  ratios  even  the  near  field  is 
turbulence  dominated.  The  aim  of  the  present  investigation  is  to 
increase  the  physical  understanding  of  the  turbulence  processes 
which  are  involved  in  the  complex  situation  of  o  jet  in  a  cross¬ 
flow,  where  the  initial  jet  layer  interacts  with  the  oncoming 
cross-flow  boundary  layer  and  turbulence  is  subjected  to  extra 
rates  of  strain  like  those  resulting  from  streamwise  curvature,  la¬ 
teral  divergence  and  longitudinal  accelerations. 
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Fig,  1:  Flow  configuration  with  interacting  shear  layers. 

2.  EXPERIMENTAL  TECHNIQUES 

2.1  Experimental  set-up.  The  measurements  were  made  in  the 
closed  circuit  wind  tunnel  at  the  Sonderforschungsbereich  80. 
The  experimental  set-up  is  fully  described  by  Andreopoulos 
(1982a).  Both  interacting  flow  field*  i.e.  the  pipe  flow  and  the 


the  eras  flow,  were  found  to  be  developing  turbulent  flows 
for  all  the  investigated  velocity  ratia.  At  x/D  =  -4  upstream 
the  jet  exit,  on  the  plate,  where  the  jet  interference  on  the 
cross  stream  was  negligible  a  friction  coefficient  Cf  =  0.0037 
and  a  boundary  layer  thickness  of  6  *  0.278D  were  measured 
at  a  cross  stream  velocity  of  U#  =  13.9  m/s.  Velocity  signals 
were  obtained  with  a  DISA  x-wire  probe  type  P  51  and  fed  the 
Hewlett-Packard  Fourier  Analyser  5154C  which  had  four  Ana¬ 
log  to  Digital  Converters  of  12  bits  per  word  resolution.  It  was 
found  that  such  a  probe  could  give  good  results  if  the  data  ana¬ 
lysis  and  techniques  can  account  for  the  high  pitch  and  yaw  an¬ 
gle  of  the  instantaneous  velocity  vector.  As  it  has  been  men¬ 
tioned  in  Andreopouios  and  Rodi  (1982),  the  present  flow  con¬ 
figuration  includes  regions  with  reasonably  high  turbulence  le¬ 
vels  ana  therefore  the  response  of  the  hot  wire  at  higher  pitch 
or  yaw  angles  should  be  known.  For  this  reason  the  algorithm 
proposed  by  Andreopouios  (1981)  has  been  adopted  to  reduce 
the  data.  The  effect  of  the  third  velocity  component  W  has  not 
been  taken  into  account  in  the  hot  wire  response  equation,  on 
the  ground  that  U  and  V  are  the  main  velocity  components  if 
some  superposition  arguments  are  applied  (see  Andreopouios 
(1982a)).  This  assumption  certainly  causes  some  error  on  the  re¬ 
sults  which  has  been  estimated  by  Tutu  and  Chevray  (1975). 

From  their  table  II,  an  error  due  to  combined  effects  of  high 
turbulence  intensity  (i.e.  rectification  effects)  and  lack  of  sen- 
sivity  to  the  W-component  is  quoted,  for  30  %  turbulence  in¬ 
tensity  as  follows:  6.3  %  error  on  U,  5.2  %  on  u2,  11 .9  %  on 
?  and  13.6  %  on  uv'. 

For  the  spectral  analysis  each  of  the  cross  wire  channels  was 
feeding  two  ADC:  one  working  on  DC-mode  to  yield  the  mean 
value  of  the  input  voltage  and  the  second  to  calculate  fluctu¬ 
ating  quantities.  This  allowed  an  exploitation  of  the  whole  dy¬ 
namic  range  of  the  ADC  since  a  resolution  of  0.24  mv/word  has 
been  achieved.  The  cut  off  frequency  of  AC  mode  input  was  at 
about  0.3  Hz.  All  inputs  were  tow  pass  filtered  at  10  kHz  aid 
digitized  at  25  kHz  per  channel. 

2.2  Condi tional-sompling  techniques.  Many  investigations  of 
turbulent  shear  flows  hove  used  the  technique  of  conditional¬ 
sampling  to  provide  more  information  about  regions  of  interest 
in  these  flows.  Antonia  (1981)  describes  the  various  existing  com 
ditional-sampling  techniques  which  have  been  applied  to  studies 
of  turbulent  flows  and  points  out  that  probably  the  most  plausible 
way  to  investigate  the  interaction  of  two,  initially  separate, 
turbulent  fields  is  to  use  temperature  as  a  passive  marker  of  one 
of  the  interoctiong  fields,  idea  which  is  due  to  Bradshaw  (1974). 
This  tagging  of  the  flow  allows  a  distinction  to  be  mode  between 
hot-zone  and  cold- zone  contributions.  In  the  present  case,  it 
was  decided  to  heat  slightly  the  jet-pipe  flow  by  means  of  hoo¬ 
ting  elements  at  the  exit  of  the  2  two  stage  compressor  which 
supplied  the  secondary  pipe  flow  end  before  the  plenum  chamber. 

The  part  of  the  pipe  which  was  inside  the  wind-tunnel  and 
underneath  the  flat  plate  was  carefully  insulated  to  avoid  addi¬ 
tional  heat  transfer  by  convection.  In  this  way  the  jet  flow  was 
heated  by  4  to  5  C  above  the  ambient  cross  stream  temperature, 
and  therefore  any  symmetry  in  the  temperature  profiles  can  be 
atrributed  to  the  crass  flow  and  not  to  cooling  of  the  pipe  by 
the  wind-tunnel  flow. 

Turbulence  measurements  were  made  with  DISA  type  55M01  - 
anemometers  and  DISA  miniature  cross-wire  probes  type  55P51 
with  5  jjm  platinum  wires.  Temperature  measurements  were  mea¬ 
sured  with  1  pm  "cold  wires”  mounted  an  home-made  probes 
clamped  to  the  side  of  the  cross-wire  probe.  The  cold  wire  was 
operated  by  a  constant-current  home-made  circuit  with  a  hoo¬ 
ting  current  of  0.2  mA.  The  temperature- wire  output  was  com¬ 
pensated  in  "real  time"  by  o  conventional  operational-amplifier 
network.  The  compensation  was  adjusted  to  obtain  the  sharpest 
possible  rise  and  fall  of  the  temperature  signal  at  the  leading 
and  trailing  edges  of  bunts  of  hot  fluid,  while  avoiding  an 
"overshoot"  of  temperature  below  the  free  stream  value.  The 
techniques  associated  with  the  temperature  fluctuations  are  si¬ 
milar  to  those  described  in  the  wake  study  of  Andreopouios  aid 
Bradshaw  (1980). 

The  employed  data  reduction  scheme  is  similar  to  that  des¬ 


cribed  in  section  2.1.  The  signals  were  digitized  at  5  kHz  per 
channel  and  stored  on  digital  mog  tapes  for  later  data  reduction. 
As  will  be  seen  later  the  agreement  between  the  measurements 
of  Andreopouios  and  Rodi  (1982)  obtained  with  a  triple  wire  sen¬ 
sor  and  those  obtained  with  a  cross-wire  is  rather  satisfactory, 
i.e.  within  the  limits  mentioned  earlier  in  cliapts  2.1.  To  in¬ 
crease  the  accuracy  of  the  measurements  thu  jbe  was  aligned 
parallel  to  the  mean  flow. 

The  conditional-sampling  algorithm  is  similar  in  principle  to 
that  used  by  Andreopouios  and  Bradshaw  (1980)  and  is  fully  des¬ 
cribed  by  Weir,  V'ood  and  Brodshaw  (1981).  Fluid  is  labelled 
"hot",  i.e.  jet  fluid,  if  its  temperature  exceeds  o  certain  tres- 
hold  value,  usually  around  0.1°  C.  To  distinguish  the  end  and 
the  beginning  of  hot  periods  as  sharply  as  passible,  data  points 
are  also  labelled  "hot"  if  the  time  derivative  of  the  temperature 
exceeds  a  certain  small  voiue.  As  it  has  been  previously  ex¬ 
plained  and  also  clearly  shown  in  figure  1,  the  heated  jet  flow 
is  a  developing  turbulent  flow,  i.e.  significant  regions  of  po¬ 
tential  care  are  present  in  addition  to  the  turbulent  flow  regions. 
Similar  is  the  situation  in  the  unheated  boundary  layer  flow 
which  entrains  cross-stream  potential  flow.  It  is  also  expected 
that  the  irrotatianal  fluid  fluctuations  of  both  flow  fields  will 
contribute  to  the  conventional  mean  quantities.  In  the  light  of 
the  unsteady  character  of  the  jet,  these  contributions  might  be 
significant.  It  is  therefore  necessary  to  further  discriminate  the 
flow  to  turbulent  and  nan-turbulent  fluid.  In  this  case  fluid  la¬ 
belled  as  "hot"  and  "turbulent"  belongs  to  a  jet  flow  eddy  while 
"cold"  and  "turbulent"  fluid  is  part  of  an  eddy  of  the  flat  plate 
boundary  layer  flow.  Fluid  that  is  labelled  as  "hot"  and  "non- 
turbulent"  or  "cold" and  "non-turbulent"  comes  from  the  jet  irro- 
tatianal  flow  or  cross  stream  irrotational  flow  respectively. 

The  conditional-sampling  algorithm  discriminates  firstly  bet¬ 
ween  the  hot/coid  fluid  and  subsequently  the  turbulent/non-tur- 
bulent  fluid.  The  temperature  serves  as  the  "conditioning  func¬ 
tion"  in  the  former  discrimination  and  the  uv-signa!  is  used  in 
the  latter  case  of  turbulent/non-turbulent  discrimination,  mainly 
because  uv  is  directly  involved  in  the  production  of  turbulence. 

The  advantages  of  choosing  the  uv-signal  for  making  the 
turbulent/non-turbulent  decisions  have  extensively  discussed  by 
Murlis  et  al.  (1982)  and  Muck  (1980).  If  the  time  derivative  of 
the  instantaneous  uv-signal  is  above  a  prescribed  treshold  value, 
the  fluid  is  described  as  turbulent.  The  second  derivative  of  the 
uv-signal  is  also  used  as  bock  up  criterion.  According  to  the 
above  discussion  the  following  definitions  hove  been  made  for 
the  intermittency  function  Igand  1  of  the  hot/cold  and  turbu¬ 
lent/non-turbulent  respectively: 

p  1  IF  Tse,  and/or  oT/otSQj 


duv/Ot  5©  and/or  d^uv/dt 


Lg  else 

Figure  2  shows  highly  idealized  temperature  and  uv 
traces  somewhere  in  the  interaction  region,  above  the  e- 
xit  plane  of  the  jet.  It  is  obvious  that  the  beginning  and  the  end 
of  a  "hot"  burst  may  not  correspond  with  the  beginning  and  the 
end  of  turbulent  activities  shown  in  the  uv-signal .  This  diffe¬ 
rence  cannot  be  attrbuted  to  problems  of  the  spatial  resolution  of 
the  probe;  displacement  of  the  cold-wire  in  relation  to  the  cross- 
wire  is  not  the  reason  for  that;  even  with  the  "cold" -wire  1  mm 
aheod  of  the  cross-wire  the  difference  in  arrival  time  is  not  more 
that  one  digitazation  interval.  It  is  also  clear  in  this  idealized 
figure  that  turbulence  activities  shown  in  uv-trace  may  not  cor¬ 
respond  to  any  temperature  excursion.  The  output  of  the  hot/ 
cold  discrimination  port  of  the  algorithm  corresponding  to  the 
temperature  trace  of  the  figure  is  shown  immediately  below  it. 
The  output  of  the  turbulent/non-turbulent  discrimination  part  of 
the  algorithm  corresponding  to  the  uv-trace  is  shown  below  it. 
Combination  of  both  pats  of  the  algorithm  yields  to  the  final 
discrimination  shown  at  the  most  lower  port  of  that  figure.  The 
suffix  C  is  used  to  indicate  Cold  fluid,  i.e.  cross  flow,  the  suf¬ 
fix  H  is  used  to  indicate  Hot  fluid,  pipe  flow,  the  suffix  T  is 


used  to  indicate  Turbulent  fluid  and  finally  N  is  used  to  indi¬ 
cate  irrotational "fluid  regardless  if  it  is  pipe-jet  or  cross  streom 
f'ow.  Two  suffices  ve  needed  to  describe  fully  the  flow,  HT  in- 
dic-tre  Hot  and  Turbulent  fluid,  i.e,  turbulent  pipe  fluid,  CT 
indicate  Cold  and  Turbulent  fluid,  i.e.  flat  plate  boundary  la¬ 
yer  fluid,  HN  indicate  H  and  Nan-turbulent  fluid,  i.e.  irroto- 
tional  pipe  flow,  and  CN  indicate  Cold  and  Non-turbulent 
fluid,  i.e.  irrotational  cross  stream  flow. 

The  results  presented  here  measure  ail  fluctuations  with  re¬ 
spect  the  convenfional-averoge  velocity.  The  conditional-ave- 
roge  products  of  velocity  fluctuations  can  be  presented  as  con¬ 
tribution  of  the  above-mentioned  zones  to  the  conventional  ave¬ 
rage.  If  Q  is  any  velocity  fluctuations  product  of  the  form  um 
vn,  with  m,  n  integers,  then  the  contributions  of  the  four  zo¬ 
nes  can  be  summed  to  give  the  conventional  average: 
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Deduction  of  Cold  and  Non-turbulent  (CN)-,  Hot  and 
Non-turbulent  (HN)-,  Cold  and  Turbulent  (CT)-  and 
Hot  and  Turbulent  (HT)  zones  from  uv-  and  tempera¬ 
ture  signals. 
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If  -y  is  the  mean  value  of  the  intermittency  function  I,  here¬ 
after  simply  called  intermittency,  then  the  zone  average  Q  is 
related  to  zone  contributions  as  follows: 


°HT  "  ShtAhT 

where  "YhT  '*  intermittency  of  the  Hot  and  Turbulent  zone. 
Similar  are  the  definitions  for  YhN'  YcT  YCN1  'n 
present  work  the  discrimination  scheme  of  "retail"  intermittency 
has  been  employed  (see  Murlis  et  al.,  1982  )  without  the  expli¬ 
cit  application  of  any  "hold  time"  other  than  digital  sampling 
time.  This  cheme  is  believed  to  follow  more  closely  the  highly 
re-entrant  nature  of  the  interface  which  is  clearly  shown  in  the 
smoke  pictures.  Although  the  intermittency  measurement  itself 
depends  on  the  length  and  the  number  of  the  irrotational  "drop¬ 
outs",  the  zone  contributions  to  the  fluctuations  statistics  are 
much  leu  dependent  on  the  drop-outs.  The  present  intermittency 
scheme  has  been  applied  and  tested  in  the  case  of  o  partially 
heated  boundary  layer  flow  with  satisfactory  results.  Small  dif¬ 
ferences  between  the  two  discrimination  schemes  were  found, 
but  the  effect  on  the  conditional  averages  was  negligible. 
Therefore  any  significant  difference  in  the  zonal  contributions 
to  Q  in  equation  (1)  are  genuine  and  ere  not  caused  by  relati¬ 
vely  small  errors  in  intermittency.  Following  the  suggestions  of 
Muck  (1980)  the  thresholds  ©3  and  ©4  used  in  the  turbulent/ 
non-turbulent  discrimination  ore  directly  connected  to  the  deri¬ 
vatives  of  the  uv  signal  in  the  turbulent  zone  averages  d uv/ Of 
and  O^uv/ 0t^  respectively  that  is  the  thresholds  were  continu¬ 
ally  updated.  Similarly  the  "cold  fluid  temperature  level"  T  was 
continually  updated  in  the  temperature  intermittency  scheme. 


It  is  empi. seized  here  that  the  thresholds  for  the  uv-derivative 
scheme  are  not  necessarily  the  some  for  both  turbulent  zones. 

This  allows  the  present  scheme  to  handle  cases  where  the  length- 
scale  of  one  turbulent  zone  differs  from  that  of  the  other. 

3.  RESULTS 

Figure  3  shows  some  typicol  u-,  end  v-speefro  obtained  at 
three  different  points  on  the  jet  exit  plane  for  R  »  0.25.  These 
points  were  properly  selected  to  represent  one  of  the  three  cha¬ 
racteristic  regions  at  the  exit:  The  first  point  at  x/D  *  -0.35  is 
inside  the  annular  pipe-boundary  layer  which  is  developing  near 
the  upstream  edge  of  the  pipe  under  the  influence  of  an  adverse 
pressure  gradient.  The  second  measuring  point  lies  very  close  to 
the  pipe  axis  where  the  flow  has  a  rather  intermittent  behaviour 
between  turbulent  and  non-turbulent  fluid  with  rather  small  tur¬ 
bulence  intensity.  The  last  point  at  x/D  =  +0.40  is  close  to  the 
downstream  edge  of  the  pipe  where  the  flow  is  developing  under 
the  influence  of  a  favourable  pressure  gradient.  The  peak  fre¬ 
quency  at  108  Hz  shown  in  the  figures  was  also  evident  on  the 
autocorrelation  plots, but  it  was  more  clearly  pronounced  at 
x/D  =  +0.4  at  leu  at  x/D  =  -0.35.  One  more  interesting  point 
is  that  the  u-  and  v-spectra  at  x/D  =  .40  consist  of  two  widely 
different  bands. 


Fig,  3:  (o)  Power  Spectrum  of  u-fluctuation.  (b)  Power  Spec¬ 
trum  of  v-fluctuation  at  the  jet  exit  for  R  =  0.25. 

- x/D  =  0.40, - x/D  =  -0.14, - x/D  = 

-  0.35.  Wove  number  =  Ul/V. 

In  this  first  band  containing  the  peak  around  logjQkjD51  0.8, 
the  spectral  density  foils  rapidiy  until  around  logjQk^D5  1.6, 
where  the  slope  changes  to  -5/3  indicating  that  turbulence  of 
the  pipe  boundary  layer  at  the  downstream  edge  of  the  pipe  is 
presont  with  its  long  inertial  subrange.  At  the  other  two  posi¬ 
tions  closer  to  the  upstream  edge,  the  inertial  subrange  is  shor¬ 
ter  which  is  an  indication  of  the  developing  turbulent  flow  un¬ 
der  the  adverse  preuure  gradient  which  exist  at  that  part  of  the 
flow. 

Figure  4  shows  the  Strouhol  number  St  =  Df/Ue  as  o  function 
of  the  Reynolds  number  Re  =  Vj  D/u.  St  results  are  remarkably 
constant  while  the  structure  of  the  exiting  pipe  flow  changes  si¬ 
gnificantly  with  R,  This  suggests  that  St  is  associated  with  puff¬ 
ing  or  vortex  ring  roll  up  or  some  mechonism  due  largely  to  the 
change  from  pipe  to  jet  flow.  In  fact  these  meesurements  ogree 
quite  well  with  the  measurements  of  Yule  (1978)  in  the  turbulent 


regime  of  a  round  jet  issuing  in  "still"  air. 


Fig.  4:  Strouhal  number  versus  Re  =  VjD/u  *4.1  x  1C* 
x  Present  measurements;  □  Yule  (1978). 

It  has  been  documented  in  the  past  (Yule,  1978,  Crow  and 
Champaigne,  1971)  that  the  free  jet  flow  is  strongly  Reynolds 
number  and  initial  conditions  dependent  and  can  undergo  vari¬ 
ous  kinds  of  instabilities  (see  Yule,  1978),  which  cause  the  rol¬ 
ling  up  of  the  annular  mixing  layer  and  the  formation  of  torroi- 
dal  vortices.  These  vortices  or  vortical  rings,  as  they  travel 
downstream,  can  undergo  successive  interactions  like  pairing 
and  tearing.  However,  there  might  be  some  other  possible  ex¬ 
planations  of  the  appearance  of  this  peak  frequency  in  the  spec¬ 
tra.  Vortex  shedding  might  be  one  since  it  has  been  reported 
previously  (see  McMahon  et  al.,  1971)  that  such  shedding  takes 
place  at  very  high  velocity  ratios.  In  these  cases  the  jet  pene¬ 
trates  very  deeply  inside  the  crass  flow  before  starts  to  bend 
over  and  therefore  behaves  like  a  rigid  cylinder.  In  the  present 
com,  however,  the  jet  penetrates  in  the  crass  flow  no  more 
than  2  diameters.  It  seems  therefore  quite  unlikely  that  vortex 
shedding,  in  the  strict  sense  of  shedding  of  vorticity,  takes 
place  in  the  smaller  velocity  ratios.  Apart  from  that,  if  shed¬ 
ding  of  Q.y  vorticity  was  happening,  the  frequency  at  the 
plane  of  symmetry  should  be  doufcle  than  that  measured  at  a  po¬ 
sition  far  outside  the  plane  of  symmetry.  In  fact  by  moving  the 
hot  wire  probe  an  a  plane  perpendicular  to  x-axis  no  variations 
in  frequency  were  observed.  There  are  two  other  possible  expla¬ 
nations  of  the  found  frequency  peak,  namely  "puffing"  of  the 
jet  or  some  sort  of  "flapping”  .  The  first  could  be  due  to  on  un¬ 
steady  operation  of  the  two-stage  blower  which  was  supplying 
the  jet  flow.  However,  no  frequency  peaks  were  observed  at  a 
position  of  half  a  diameter  upstream,  inside  the  pipe  where 
measurements  have  also  obtained.  It  can  be  therefore  concluded 
that  puffing  due  to  blower  unsteadiness  does  not  take  place. 

Flapping  of  jet  is  known  to  take  place  in  the  case  of  a  plcne 
jet  (Goldsmidt  end  Bradshaw,  1971)  and  nothing  similar  has  been 
reported  for  the  jet  into  a  cross  flow  so  far.  It  is  therefore  un¬ 
likely  to  take  place  in  the  present  case.  Some  rough  estimates 
of  time  correlations  of  the  signals  of  two  cross  wires  placed  at 
opposite  side  of  the  jet  in  the  z-direction  show  that  the  U-ve- 
locity-companents  were  in  phase  while  the  W- velocity-compo¬ 
nents  were  in  antiphase. 

This  indicates  that  the  jet  has  a  sort  of  a  pulsating  charac¬ 
ter,  i.e.  the  frequency  peaks  are  due  to  "puffing"  of  the  jet. 

In  addition  a  flow  visualization  study  of  the  flow  has  been  ma¬ 
de  by  putting  smoke  in  the  plenum  chamber  of  the  jet.  A  fast 
camera  has  been  used  to  take  pictures  of  the  flow  at  various 
Reynolds  numbers  and  velocity  ratios.  This  study  revealed  the 
existence  of  large  eddy  structures  in  the  flow,  sometimes  well 
organized  and  sometimes  not,  depending  on  the  flow  parameters. 
These  structures  have  a  periodicity  in  their  appearance  and  as 
they  pass  downstream  induce  free  stream  unsteadiness,  i.e.  fluc¬ 
tuations  of  the  irrotational  fluid.  As  the  Reynolds  number  in- 
ereases,  the  regularity  of  the  appearance  of  the  large  eddies 
leaving  the  pipe  decreases  and  these  eddies  now  occupy  a  wide 
range  of  sizes.  At  downstream  positions  they  grow  in  size  and 
entrain  irrotational  cross  stream  fluid  and  the  flow  is  quite  in¬ 
termittent.  The  eorly  pictures  of  Ramsey  and  Golstein  (1971) 
also  indicate  the  intermi-unt  character  of  the  flow  and  the  for¬ 
mation  of  large  eddies  at  further  downstream  stations.  As  these 
eddies  are  coming  out  from  the  pipe,  they  interact  with  the  on¬ 


coming  flat  plate  boundary  layer  eddies  which  carry  opposite 
vorticity.  Thus  flat  plate  boundary  layer  eddies  may  significant¬ 
ly  help  the  vorticity  diffusion  of  the  pipe  eddies  in  the  imme¬ 
diate  downstream  region. 

In  the  formation  of  the  large  eddies  described  here  entrain¬ 
ment  by  these  eddies  of  potential  core  fluid  of  the  pipe  flaw, 
outside  the  pipe  may  also  be  significant.  Their  role  in  the  pro¬ 
cess  of  entroinment  of  irrototionol  fluid  end  the  interaction  with 
the  boundary  layar  eddies  is  illustrated  in  the  conditional-samp¬ 
ling  analysis.  These  results  which  are  presented  below  have  been 
obtained  at  R  *  0.5  and  Re  =  VjD/v  *  20500  where  these  large 
eddies  have  an  irregular  character. 

Measurements  hove  been  taken  at  seven  different  streomwise 
positions,  x/D  =  -0.25  ,  0,  0.25  ,  0.5  ,  2  ,  4  ,  6.  The  first  four 
positions  are  stations  above  the  exit,  in  the  immediate  region  of 
interaction,  while  the  remaining  three  positions  represent  sta¬ 
tions  in  the  downstream  region. 

Figures  5(a)  and  5(b)  show  the  intermittency  profiles  for  the 
four  postulated  flow  zones  at  x/D  =  -0.25  and  6  respectively. 
Since  any  fluid  particle  must  belong  to  one  of  the  four  mutually 
exclusive  zones,  that  is  CN,  CT,  HN,  and  HT  the  addition  law 
of  equation  (1 )  reduces  to 

YHT*  YHn*  YCt  *  >CN  =  1 


Fig,  5:  Intermittency  profiles:  (a)  x/D  =  -.25,  (b)  x/D  =  6: 

V ,  HN;^,  HT;  V  ,  CN;  y,  CT.  Mnemonic:  rising 
plum  for  Hot  zone  values,  iceberg  for  Cold  zone  values, 
flagged  symbols  for  Turbulent  zone  values,  non-flogged 
symbols  for  Non-turbulent  zone  values. 


The  profiles  at  x/D  3  -0.25  in  figure  5(a).  show  clearly  that 
cold,  turbulent  fluid  (CT)  has  penetrated  the  hot  jet  flow  down 
to  the  exit  plane  y/D  3  0.  In  other  words,  there  is  a  significant 
(=3  %)  probability  of  finding  boundary  layer  turbulent  fluid  on 
the  exit  plane,  where  the  probability  of  finding  turbulent  pipe 
fluid  (HT)  is  about  36.5  %.  However,  as  expected  there  is  more 
the  irrotational  pipe  fluid  (HN)  here  ,  while  the  appearance  of 
crass  stream  irrotational  fluid  (CN)  has  an  extremely  low  proba¬ 
bility  of  appearance  here.  At  higher  y/D  distances  above  the 
exit,  the  intermittency  foctots  of  both  HN  and  CN  fluids  vary 
monotonically  with  y/D:  that  of  HN  is  reduced  and  practically 
vanishes  at  y/D  >  0.25  and  that  of  CN  increases  (particularly 
above  y/D  3  0.25),  and  must,  by  equation  (1),  reach  values  of 
1  at  some  further  y  distances.  Quite  different  is  the  behaviour 
of  the  pipe-  and  boundary  layer-turbulent  fluid  intermittency 
factors:  the  probability  of  finding  HT  fluid  is  increased  with  y/D 
and  at  y/D  3  0. 15  reaches  its  highest  value  of  73.5  %.  Then, 
it  reduces  rapidly  end  at  the  last  measuring  point  y/D  =  0.4, 
has  a  value  of  5  %  only.  The  probability  of  finding  flat  plate 
boundary  layer  eddies  increases  with  y/D  and  its  maximum  takas 
place  at  about  0.30D  away  from  the  exit.  All  the  intermittency 
profiles  at  positions  above  the  exit  show  that  there  are  quite 
large  regions  of  the  flow,  which  receive  significant  contribu¬ 
tions  from  all  of  the  four  possible  zones.  There  are  of  course  re¬ 
gions  where  the  flow  "time  shares"  partially  say,  between  two 
of  the  four  postulated  passible  zones. 

At  the  downstream  stations  (fig.  5b)  the  boundary  layer  ed¬ 
dies  (CT  fluid)  become  rare,  i.e.  the  probability  of  finding  any 
of  them  is  of  the  order  of  6  %.  According  to  Pass  (1980)  CT 
fluid  travels  downstream  by  passing  over  the  exit  or  around  the 
exit.  It  is  also  interesting  to  see  that  the  probability  of  fading 
HN  fluid  at  x/D  is  very  high. 

figures  6  to  8  show  conditional  and  conventional  averages 
of  the  normal  -  and  shear  stresses.  The  former  are  plotted  as 
contributions  to  the  latter  using  equation  (1). 


is  appreciable  only  for  x/D  <  0.5  and  it  is  likely  to  be  puffing 
of  the  pipe  flow  which  causes  usual  irrotational  effects  in  all  po¬ 
tential  regions  outside  the  shear  layers. 
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6:  u^- profiles:  (c)  x/D  3  6 

o,  conventional  values;  dotted  line,  profile  at  x/D  3 
-0.5  taken  from  Andreopoulos  and  Rodi  (1982);  □  ,  tri¬ 
ple  wire  sensor;  rest  symbols  as  in  figure  5. 


pig,  6:  u^-profiles:  (o)  x/D  3  -.0.25,  (b)  x/D  3  0 

o,  conventional  values;  dotted  line,  profile  at  x/D  3 
-0.5  taken  from  Andreopoulos  and  Rodi  (1982);  a,  tri¬ 
ple  wire  sensor;  rest  symbols  as  in  figure  5. 

It  is  clearly  shown  that  the  two  turbulent  fields  start  to  in¬ 
teract  strongly,  soon  after  they  meet  and  both  turbulent  fields 
are  the  moin  contributors  to  the  total  averoge  quantities.  The 
irrotational  fluctuations  of  the  cross  stream  hove  practically  a 
zero  contribution  while  those  of  the  pipe  contribute  sometimes 
significaitly  as  it  is  particularly  shown  in  the  v2- profiles  at 
stations  over  the  exit  plane  (figures  7a, b).  There,  hot  fluid  ir¬ 
rotational  fluctuations  can  account  for  25  to  30  %  of  the  con¬ 
ventional  v*  -  average  which  Is  2  to  3  times  greater  than  their 
contributions  to  the  u*  -  conventional  average.  Note  that  v2HKJ 
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Fig.  7:  v  -  profiles:  Symbols  as  in  figure  6. 

In  figures  6a,  7 0  and  80  ,  the  corresponding  profiles  of  u^,  v^ 
and  at  x/D  3  -0.50  are  also  plotted  for  direct  comparison. 
Since  mixing  has  not  yet  stated  ot  x/D  3  -0.5  the  conventional 
averages  in  the  measurements  of  Andreopoulos  and  Rodi  represent 
quite  closely  conditional  averages  of  quantities  of  boundary  la¬ 
yer  fluid,  i.e.  these  quantities  at  x/D  3  -0.5  can  be  directly 
compared  with  the  downstream  profiles  of  conditional  averages  of 
"cold  and  turbulent"  fluid.  This  can  give  us  an  indication  of  the 


strength  of  the  interaction  in  the  near  field  region.  It  is  remar¬ 
kable  to  see  how  the  downstream  profiles  have  changed  drama¬ 
tically  from  those  upstream. 
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Generally  contributions  from  the  boundary  layer  fluid  to  any  of 
turbulence  quantity  are  considerably  decreased  with  downstream 
distance.  Typically  this  is  shown  in  figure  9  where  the  maximum 
values  of  the  "cold  and  turbulent"  zone  of  each  downstream  sta¬ 
tion  are  plotted  against  x.  Among  the  three  stresses,  the  normal 
stress  u^ct  seems  to  be  drastically  affected  by  the  interaction: 
within  lass  than  one  diameter  from  the  point  whare  the  interac¬ 
tion  started  roughly  at  the  upstream  edge  of  the  pipes  it  has  re¬ 
duced  by  more  than  SO  %  of  its  initial  value,  whila  it  decays 
slowly  further  downstream. 


2 

However,  the  fact  that  the  advection  of  U  (— -j-  in  the  longitudi¬ 
nal  drection  U  Ou^f/  ■*  high  hut  negative  does  not  imply 
that  the  mean  life  time  of  a  turbulent-boundary  layer-eddy  is 
very  short  in  the  above  of  the  exit  region,  because  advection  in 
the  normal  direction  is  positive. 

The  total  picture  of  the_flow  wrauld  be  incomplete  without 
the  zone-overage  velocity  U  and  V  profiles  some  of  which  are 
shown  in  figures  1 0  and  1  I  .  At  x/D  *  6  the  pipe  fluid  has  taken 
a  boundary  layer  character:  turbulent  fluid  moves  slower  and 


irrotational  fluid  moves  faster  than  the  mean  flow  in  the  x -di¬ 
rection  with  exactly  the  opposite  taking  place  in  the  normal  di¬ 
rection  (see  Kovasznay  eta!.  1970,  Murlis  etai.,  1982).  The 
boundary  layer-turbulent-fluid  moves  faster  in  the  downstream 
direction  ond  slower  than  the  mean  flow  in  the  normal  direction. 


Fig  .11  ;  Zone  average  V-velocity  component.  Symbols  as  in 
figure  6. 


At  these  downstream  stations  CN  fluid  behaves  similarly  to  that 
associated  with  an  isolated  "simple”  boundary  layer  as  does  the 
HN  fluid. 


CONCLUSIONS 


The  present  experiment  has  shown  the  existence  of  large  ed¬ 
dies  in  the  jet  which  are  rather  well  organized  at  low  Reynolds 
numbers.  As  these  pipe  eddies  leave  the  pipe,  they  give  a  "pul¬ 
sating"  character  to  the  jet  flow  and  hove  a  periodicity  in  their 
appearance  which  seems  to  scale  with  the  cross-free  stream  velo¬ 
city  Ue  and  the  pipe  diameter  D  at  all  investigated  velocity  ra¬ 
tios  and  Reynolds  numbers.  These  pipe  eddies  interact  with  up¬ 
stream  boundary  layer  eddies  of  opposite  vorticity  and  at  the  end 
of  the  strong  interaction  region  eddies  with  a  boundary  layer  cha¬ 
racter  are  present. 

The  interaction  region  was  explored  by  means  of  quite  eiabo- 
retive  conditionally  sampling  techniques  which  indicated  that  the 
flow  "time  shares"  between  four  possible  zones,  namely:  irrototi- 
onol  cross  stream  flow,  irrotational  pipe  flow,  turbulent  boun¬ 
dary  layer  flow  which  developes  over  the  flat  plate  and  turbulent 
pipe  flow.  This  was  made  possible  by  heating  the  pipe  flow  and 
then  further  discriminating  the  turbulent/non-turbulent  interface. 

The  conditionally  sampled  average  quantities  show  that  most 
of  interaction  takes  place  in  the  region  above  the  exit  at  R  =  0.5 
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where  the  contribution!  of  the  cron  straom  or*  vary  high.  At 
downstream  stations  the  jet-turbulent  fluid  contributions  of  all 
turbulent  quantities  approach  closely  the  conventional  overages 
while  the  boundary  layer-turbulent  fluid  contributions  tend  to 
zero.  The  distance  where  this  takes  place  depends  mainly  on  the 
relative  size  of  the  length  scales  of  the  initial  flows  (for  a  given 
velocity  ratio  R).  If  the  boundary  layer  length  scale  Lm  is  much 
lower  than  that  of  the  pipe  flow  Up  then  this  distance  is  short. 

If  Lbl  •*  of  the  same  order  of  magnitude  of  Lp,  the  distance  in¬ 
creases  with  increasing  ratio  kg^/Lp.  This  tendency  is  not,  how¬ 
ever,  true  if  Lg.  >>  Lp.  In  this  ease  the  situation  is  different 
since  boundary  layer-fluid  contributions  approach  the  conven¬ 
tional  total  averages  and  the  pipe  flow  contributions  asymptote 
to  zero  values.  A  quantitative  or  even  qualitative  description 
of  the  interaction  in  this  case,  requires  same  further  investi¬ 
gation  of  the  jets  into  a  cross  flaws  at  low  velocity  ratios. 
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ABSTRACT 

The  results  of  a  study  of  a  plane  mixing  layer  are 
presented  In  this  paper,  the  objective  being  to  under¬ 
stand  better  the  role  of  coherent  structures  in  the 
mechanisms  of  entrainment  and  mixing.  The  study  involv¬ 
ed  chiefly  flow-visualization  with  simultaneous  velocity 
measurements,  with  a  scheme  to  synchronize  the  two,  that 
enables  us  to  get  a  better  picture  of  the  coherent  stru¬ 
ctures  which  strongly  influence  the  flow.  Initial  cond¬ 
itions,  which  are  of  critical  importance  in  the  develop¬ 
ment  of  turbulen  shear  flows,  are  documented.  Mean  vel¬ 
ocity  profiles  in  the  mixing  layer  and  the  correspond¬ 
ing  spread  rate  were  found  to  be  in  general  agreement 
with  the  range  of  results  of  other  investigators. 

INTRODUCTION 

A  plane  mixing  layer,  formed  when  two  separated 
streams  moving  at  different  velocities  are  brought  to¬ 
gether  at  the  end  of  a  splitter  plate,  represents  one  of 
the  simples  free  turbulent  shear  flows.  It  has  attract¬ 
ed  the  interest  of  researchers  in  fluid  mechanics  for 
many  years  now  because  it  is  both  simple  and  yet  posses¬ 
ses  several  features  that  can  not  be  adequately  describ¬ 
ed.  The  understanding  of  the  physics  involved  in  such 
cases  therefore  becomes  essential  before  more  complicat¬ 
ed  schemes  of  practical  interest,  such  as  those  involv¬ 
ing  combuslon,  can  be  handled  with  a  full  knowledge  of 
the  nature  of  processes  Involved. 

‘  One  important  feature  in  free  turbulent  shear  flows 
is  the  existence  of  quasl-determlnistic,  large  two-di¬ 
mensional  coherent  structures.  Crow  and  ChampagneLlJ , 
Roshkot’J,  8rown[2,3J,  DlmotakisP]  and  several  other 
researchers  have  brought  to  light  several  important  fea¬ 
tures  of  these  coherent  eddies  (and  also  several  contro¬ 
versies).  Most  of  these  studies  indicate  the  importance 
of  experimental  conditions,  especially  the  role  played 
by  the  Initial  conditions  in  the  development  of  the  flow 
downstream[4-6].  Evolving  from  the  Kelvin-Helmholtz  in¬ 
stability  at  the  splitter  plate,  coherent  structures 
dominate  the  large  scale  motions  in  the  mixing  layer  and 
strongly  Influence  the  gross  features  of  the  flow  such 
as  spreading  rate,  entrainment,  mixing  etc.  It  has  also 
been  suggestedU,8]  that  coherent  structures  have  pos¬ 
sible  upstream  Influence  as  well  and  cause  feedback. 
While  the  early  conclusions  regarding  the  nature  of 
these  coherent  structures  were  based  primarily  on  flow 
visualization  experiments,  subsequent  quantitative  meas¬ 
urements  involved  the  difficulties  associated  with  phase 
scrambling  and  j1tter[9]  which  resulted  In  apparent  loss 
of  coherence  and  means  had  to  be  developed  to  avoid  this 
problem. 

In  this  study,  a  plane  mixing  layer  Is  investigated 
with  the  Idea  of  determining  the  local  velocity  field  of 
coherent  structures  and  their  role  in  entrainment  and 
mixing.  The  region  studied  Is  the  early  part  of  the 
mixing  layer  where  there  is  no  pairing  of  any  of  these 


large  structures  (such  as  one  pointed  at  in  plate  lC 10] ). 
This  region  was  selected  firstly  because  the  structures 
are  well  defined  in  this  stage  of  analysis,  and  secondly 
because  this  region  being  characterized  by  much  mixing 
is  important  for  several  practical  applications. 


Plate  1:  A  sequence  from  flow-visualization  cine  film 
of  plane  mixing  layer  (from  Sherikar  and 
ChevrayL10J) 
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First,  cine  flow  visualization  alone  was  employed  to  ob¬ 
serve  the  flow  and  later  velocity  measurements  synchro¬ 
nized  with  cine  flow  visualization  were  made  which  al¬ 
lowed  the  determination  of  velocity  field  of  coherent 
structures  in  the  flow  which  were  recorded  on  film.  In 
this  way  the  variation  of  phase  of  coherent  structures 
is  not  allowed  to  smear  the  velocity  data. 

EXPERIMENTAL  FACILITY 

The  investigation  was  carried  out  in  the  same  wind 
tunnel  facility  used  in  earlier  flow  visualization  stu- 
diesllOJ.  The  test-section  25  cm  x  15  cm  in  cross-sec¬ 
tion  and  100  cm  long  had  glass  sides  to  facilitate  flow- 
visualization  as  well  as  LOV  measurements.  With  the 
velocities  employed  (1-3  m/s)  the  Reynolds  number  for 
the  flow  in  the  test-section  is  of  the  order  of  10* 
based  on  maximum  distance  downstream.  Cloth  resistances 
and  perforated  boards  at  the  exit  of  the  blowers  helped 
achieve  desired  velocities  and  also  were  beneficial  in 
reducing  the  effects  of  turbulence  and  non-uniformity 
of  the  velocity  profile  at  the  blower  exit  on  the  flow 
at  the  test-section. 

For  flow-visualization,  the  reaction  of  aitmonia 
(NH-)  and  hydrogen  chloride  (HC1)  which  spontaneously 
produces  dense  white  fumes  of  ammonium  chloride  (NH.C1) 
was  used.  This  reaction  is  fast  and  irreversible  at 
room  temperature;  thus,  when  two  flows  are  seeded  only 
near  the  splitter  plate  with  NH,  and  HC1  respectively 
the  reaction  is  complete  imnediately  downstream  of  the 
splitter  plate  and  aerosol  is  formed  due  to  the  condens¬ 
ation  of  NH.C1  which  marks  the  large  organized  struct¬ 
ures  evolved  from  the  Instability  at  the  splitter  plate 
and  subsequent  roll-up.  Detail  s..of  this  technique  are 
given  by  Sherlkar  and  ChevrayL10-!.  The  lighting  became 
of  critical  Importance  when  velocity  measurements  were 
to  be  made  simultaneously  using  laser  Doppler  veloci- 
metry  (LDV).  This  requires  the  LDV  optics  to  be  placed 
so  that  measurements  at  the  desired  location  are  pos¬ 
sible  without  obstructing  the  view  of  the  camera.  In 
addition,  the  test-section  Is  to  have  the  required  illu¬ 
mination  while  the  background  is  to  be  dark  enough  for 
the  camera  to  get  good  photographic  record,  while  con¬ 
tributing  minimum  noise  to  the  photomultiplier.  After 
many  trials,  an  arrangement  with  three  1500  W  straight- 
line-filament  quartz  lamps  illuminating  the  flow  from 
behind  was  found  satisfactory. 

Velocity  measurements  were  made  using  a  DISA  55X 
modular  LDV  system.  NH4C1  aerosol  is  unsuitable  as 
scatterer  for  LDV  measurements,  during  simultaneous 
measurements  because  of  its  small  size  and  non-uniform 
spatial  distribution  (it  would  result  in  poor  signal 
characteristics  as  well  as  bias  in  the  measurements). 

A  TSI  9306  atomizer  which  generated  silicone  oil  part¬ 
icles  approximately  1  pm  mean  diameter  proved  to  be  an 
excellent  choice  for  scattering  particles  for  LDV.  The 
photomultiplier  signal  was  processed  by  a  DISA  55L90 
counter  processor,  the  analog  output  of  which  was  used. 
While  making  velocity  measurements  simultaneously  with 
flow  visualization,  with  proper  choice  of  acceptance 
window  levels  for  the  incoming  Ooppler  signals  and  with 
built-in  validation  schemes  of  the  counter  processor, 
the  signals  from  NH4C1  particles  (which  was  essentially 
noise  as  far  as  velocity  measurements  were  concerned) 
were  virtually  eliminated.  The  results  thus  are. super¬ 
ior  to  the  earlier  results  (Sherlkar  and  ChevrayL11 J ) 
when  a  tracker  was  used  (where  the  advantage  of  continu¬ 
ous  analog  signal  was  somewhat  offset  by  problems  of 
noise,  dropout  and  tracker  going  out  of  lock). 

The  data  acquisition  system  consists  of  a  POP-11/23 
micro-computer  having  256  kB  of  RAM  with  extended  memory 
support.  The  systam  Is  equipped  with  a  real  time  clock, 
16  channel  A/D  converter  (with  a  DMA  control),  4-channel 
0/A  converter  and  a  OMA  data  buffer  (with  DMA  control¬ 
ler).  Peripherals  Include  a  dual  floppy  disk  drive,  a 
20MB  Winchester  hard  disk  drive,  magnetic  tape  unit  with 
800/1600  bpi/45  ips  capability,  plotter  and  a  line  print¬ 
er.  Two  timer-counter  circuits  were  used  -  one  with  a 
seven  segment  LED  display  for  cine  flow  visualization 
set-up  and  the  other,  driven  by  the  same  dock,  for  syn¬ 
chronization  of  the  above  with  the  data  collected  by  the 
data  acquisition  system. 
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Technique  for  Simultaneous  Measurements. 

A  schematic  oT  the  technique  of  synchronizing  the 
velocity  Information  and  the  flow-visualization  record 
on  the  film  is  shown  in  fig  1  (a)  and  (b)  along  with  the 
experimental  set-up.  Initially,  the  data  ready  (DR) 
signal  from  the  LDV  counter  processor  is  inhibited  while 
both  the  timer-counters  are  held  initialized  (i.e.  count 
zero).  Flow  is  established  and  once  the  camera  starts 
photographing,  a  DPST  switch  enables  the  LDV  counter 
processor  and  the  two  timer-counters  at  the  same  time. 

At  every  DR  signal  from  the  counter-processor,  one  meas¬ 
urement  for  velocity  and  corresponding  time  count  is 
recorded.  Since  the  two  timer  counters  are  driven  by 
the  same  clock  and  started  to  count  simultaneously,  it 
is  insured  that  both  the  counters  will  always  have  exact¬ 
ly  the  same  count.  Consequently  it  is  easy  to  relate 
every  frame  from  the  flow  visualization  film  to  the  cor¬ 
responding  velocity  measurements  since  the  LED  display 
of  one  timer-counter  appears  on  the  film  while  the  count 
of  the  other  is  stored  against  the  corresponding  velocity 
reading. 

This  technique  is  superior  to  the  one  used  earlier. 
Firstly,use  of  counter  processor  for  LDV  is  more  suitable 
here  than  a  tracker.  Also  the  scheme  of  using  timer- 
counters  and  LED  display  to  keep  track  of  time  allows  the 
history  of  individual  structures  to  be  recorded  very  ac¬ 
curately  and  neatly. 

The  following  analysis  was  then  carried  out.  A  Dar- 
ticular  set  of  coherent  structures  was  selected  from  the 
film  if  they  did  not  distort  significantly  while  passing 
through  the  measuring  location  (i.e.  LDV  measuring  vol¬ 
ume).  Then  by  projecting  individual  frames,  the  coher¬ 
ent  structures  with  loci  of  corresponding  points  of  vel¬ 
ocity  measurement  in  them  were  reproduced  on  paper. 
Finally,  from  the  time  Information  both  on  the  film  and 
velocity  data,  velocities  corresponding  to  these  points 
were  overlaid  on  the  picture  of  the  coherent  structure(s) 
being  analyzed  to  get  an  overall  picture. 


RESULTS  AND  DISCUSSION 


Velocity  measurements  were  made  in  the  boundary 
layer  at  the  splitter  plate  at  x  *  -0.5  cm  using  hot¬ 
wire  (DISA  55M  CTA  system).  This  was  important  because 
inital  conditions  have  been  shown  to  be  of  great  signi¬ 
ficance  when  data  from  different  sources  are  to  be  com- 
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pared.  The  results  of  these  measurements  are  given  in 
Fig  2  (a)  and  (b). 
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Fig.  2:  Boundary  layer  at  the  splitter  plate,  (a)  Mean 
velocity  profile,  (b)  fluctuation  intensities: 
x  -  lower  stream,  U  *  3.14  m/s,  S  *  4.83  mm, 
Sm  *  0.6  mm,  H(*  t*/ )  *  2.537;  •  -  upper 
stream  (U  *  1.13  m/s),  t  *  7.11  mm,  £„  *  0.93 
mm,  H  *  2.4  ;  . -Blasius  profile 

The  boundary  layer  was  laminar  in  both  upper  (slow)  as 
well  as  lower  (fast)  stream  with  shape  factors  of  2.54 
and  2.4  respectively.  The  corresponding  values  of  mo¬ 
mentum  thickness,  £  ,  were  0.93  nw  and  0.6  nm  respective¬ 
ly.  The  fluctuation  intensities  in  the  boundary  layer 
were  fairly  constant,  about  2%,  in  both  boundary  layers 
and  did  not  show  any  trend.  Former  analysis  of  the  u- 
component  fluctuations  showed  that  the  frequency  content 
was  confined  to  low  frequencies  (<10  Hz)  and  to  dis¬ 
crete  frequencies.  This  leads  one  to  believe  that  the 
origin  of  these  may  be  In  the  vibrations  of  the  splitter 
plate  and  of  the  structure  as  well.  The  boundary  layer 
profiles  almost  collapse  on  the  81as1us  profile  as  shown 
In  the  figure. 

Fig.  3  shows  the  development  of  the  mean  velocity 
profile  across  the  mixing  layer  at  three  downstream  lo¬ 
cations.  These  measurements  were  made  with  LDV  and  one¬ 
dimensional  weighting  procedure  (McLaughlin  and  Tieder- 


man  [12])  was  used.  The  mean  velocity  profile  seems  to 
be  close  to  self-preservation  even  at  x  «  26.7  cm. 


7 

Fig.  3:  Mean  velocity  profile  in  the  mixing  layer  at 
x  =  26.7  cm  (x),  35.6  cm  (o)  and  43.2  cm  (A  ). 
x  *  -7.5  cm. 


Taking  vorticity  width, 

ht 


u  -  Uj 
Ui  -  U, 


•>  y 


-l 


mar 

as  a  characteristic  measure  of  the  width  of  the  mixing 
layer,  the  spread  rate  is  given  by 


^  w  »  0.153  (x_  «  -7.5  cm) 

Tx— r0T 

This  corresponds  to  the  similarity  parameter,  o*,,  of 
12.6.  These  values  are  in  general  agreement  witfi  the 
results  of  other  researchers  in  this  area.  While  more 
information  could  be  obtained  from  further  measurements, 
this  has  not  been  done  yet. 
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Fig.  4:  Trace  of  v-component  of  velocity  in  the  center 
of  the  mixing  layer  at  x  *  22  cm  during  simult¬ 
aneous  flow-visualization.  Data  Rate  500  Hz 
(for  LDV) 

Fig.  4  shows  the  trace  of  u-component  of  velocity 
in  the  mixing  layer  at  x  »  22  cm.  There  is  ambiguity  in 
that  there  is  a  periodicity  in  the  flow  (although  it  is 
turbulent)  and  it  seems  to  be  coming  from  the  orderly 
coherent  structures.  This  argument  is  supported  by  the 
fact  that  the  periodicity  seen  in  fig.  4  also  corresponds 
roughly  to  the  passage  frequency  of  coherent  structures 
in  corresponding  cine  film  record  of  flow-visualization. 
It  is  easy  to  see  the  jitter  In  the  signal  and  hence  the 
apparent  loss  of  coherence  that  wculd  appear  in  the  cor- 
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relation  measurements  due  to  phase  scrambling  effects. 

Fig.  5  (a)  -  (c)  show  typical  variation  of  velocity 
(v-component)  in  the  coherent  structures  obtained  from 
simultaneous  measurements.  A  word  of  caution  here  re¬ 
garding  the  Instantaneous  flow  field  of  these  organized 
coherent  structures  -  while  it  Is  expected  that  they 
will  possess  a  deterministic  flow  pattern  (or  at  least 
partly  so),  the  possibility  of  variation  in  size,  orient¬ 
ation  etc.  and  therefore  detailed  nature  is  open  and  at 
this  stage  what  is  sought  is  the  trend  that  could  give 
more  information  regarding  the  general  behavior  of  these 
structures.  Besides  the  difficulties  that  may  be  involv¬ 
ed  in  getting details  of  the  small  scale  motion  in  the 
coherent  structures  with  the  present  technique,  it  is 
doubtful  whether  this  knowledge  would  be  necessary  in 
understanding  phenomenon  occurring  on  macro  scale  such 
as  entrainment,  growth  and  other  Interactions  with  the 
flow.  It  may  be  conjectured  that  the  area  of  influence 
of  the  small  scales  would  be  in  mixing  at  molecular 
level,  in  the  devlopment  of  three-dimensional  instabil¬ 
ities  in  the  large  organized  structures  and  others  such 
as  contribution  to  Reynolds  stresses,  viscous  dissipa¬ 
tion  etc.  For  now,  the  investigation  is  aimed  at  get¬ 
ting  a  general  picture  of  the  velocity  field  in  these 
orderly  eddies  and  its  implications. 
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Fig.  5:  (a),  (b)  and  (c)  Distribution  of  v-component 

of  velocity  in  coherent  structures  at  differ¬ 
ent  cross-sections. 
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Fig.  6:  Typical  velocity  pattern  in  a  coherent  struc¬ 
ture. 

Fig.  5  (a)  -  (c)  show  actual  velocities  (v-component) 
measured  simultaneously  with  flow  visualization,  obtain¬ 
ed  with  the  technique  described  earlier.  Each  of  these 
are  separate  sets  of  measurements.  Minor  variation  seen 
in  the  appearance  of  these  structures  were  ignored  for 
reasons  explained  before.  It  can  be  concluded  that  the 
interface,  marked  by  aerosol  during  flow-visualization 
(which  also  identifies  the  coherent  structure),  behaves 
much  like  a  material  surface.  This  is  quite  evident  in 
fig.  5  (a).  The  entrainment  of  potential  fluid  into  the 
coherent  structures  by  an  induced  velocity  component 
during  the  roll-up  of  the  core  is  evident  in  fig.  5  (b) 
and  (c).  A  train  of  these  orgainized  eddies  appear  like 
vortices  spaced  somewhat  equidistant  and  joined  by  a  thin 
interface  as  depicted  in  Fig.  6.  This  interface  is  imp¬ 
ortant  in  that  the  fluid  from  the  potential  region  that 
is  entrained  during  roll  up  of  these  vortices  is  directed 
in  a  spiral  towards  the  core  where  turbulent  fluctuations 
are  induced.  The  motion  of  this  interface  can  also  be 
seen  to  cause  potential  fluctuations  much  like  a  material 
surface.  The  vortices  are  convected  by  the  flow  and 
interact  with  each  other  (and  the  flow  itself),  period¬ 
ically  rolling  around  one  another  and  finally  coalescing 
into  a  larger  one.  Rarely,  but  definitely,  tripling 
also  takes  place  whereby  three  structures  merge  to  form 
one  downstream. 

These  are  not  the  only  mechanisms  at  work  (which 
makes  this  problem  interesting).  There  are  also  second¬ 
ary  instabilities  along  the  i  interface  connecting  these 
structures^]  which  probably  result  in  what  many  re¬ 
searchers  have  called  "nibbling".  This  is  best  illust¬ 
rated  by  the  fact  that  this  Interface  which  is  sharp 
initially,  is  less  so  as  the  flow  develops  further  down¬ 
stream. 

CONCLUDING  REMARKS 

The  mean  velocity  profiles  measured  in  the  mixing 
layer  and  its  spreading  rate  are  in  agreement  with  the 
results  of  previous  researchers,  but  they  do  not  give 
any  new  Information  about  the  flow.  In  terms  of  determ¬ 
ining  the  nature  of  velocity  field  of  the  coherent  struc¬ 
tures  and  in  the  estimation  of  entrainment  due  to  these, 
it  is  expected  that  the  technique  of  simultaneous  velo¬ 
city  measurement  with  flow  visualization  would  be  helpful 
in  isolating  jitter  and  phase  scrambling  in  the  flow. 

From  the  measurements  the  pattern  of  velocity  field  ap¬ 
pears  to  be  as  shown  in  Fig.  6.  Much  of  the  small-scale 
mixing  appears  to  take-  place  at  the  core  (shaded  region 
in  fig  6),  and  regions  indicated  by'B'are  regions  where 
the  potential  fluid  is  drawn  into  the  mixing  region.  The 
Instantaneous  velocity  patterns  are  a  result  of  several 
different  mechanisms  at  work  in  the  flow,  the  main  ones 
being  the  motion  of  the  vortices,  the  material  surface 
like  behavior  of  the  Interface  and  secondary  instabili¬ 
ties  in  the  two-dimensional  flow  field  that  enhance 
mixing.  This,  together  with  the  variation  in  size, 
orientation  and  geometry  of  coherent  structures  allows 
for  their  description  only  in  terms  of  an  “average"  velo¬ 
city  field  from  observation  of  many  similar  coherent 
structures. 
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ABSTRACT 

The  pbenoaeonon  of  turbulence  suppression  in  a  free 
shear  layer  due  to  controlled  excitation  has  been  studied 
using  vortex -in-cell  method.  When  the  amplitude  of  the 
sinusoidal  exclcatlon  is  low,  the  suppression 

occurs  for  excitation  at  the  maximally  unstable  frequency 
(St9  *  0.017)  of  shear  layers  consistent  with  experimental 
data.  An  interesting  new  result  of  the  numerical  simula¬ 
tion  is  that  the  above  Strouhal  number  preference  is  lost 
ac  high  amplitudes  of  excitation.  Also,  it  is  found 
that  the  level  of  random  fluctuations  superimposed  on 
the  initial  sinuaoldal  disturbance  affects  the  extent  of 
suppression  significantly. 

INTRODUCTION 

The  phenomenon  of  turbulence  suppression  due  to 
controlled  excitation  of  free  shear  layers  was  experi¬ 
mentally  investigated  by  Zanan  &  Hussain  (1981)  in  a 
number  of  experimental  facilities-— circular  Jets,  a  plane 
Jet  and  a  single-stream  plane  mixing  layer.  They  iden¬ 
tified  the  conditions  for  the  occurrence  of  maximum  sup¬ 
pression  in  free  shear  flows.  The  main  findings  of  their 
study  are:  (a)  The  turbulence  suppression  depends  on  the 
laminar  exit  shear  layer  characteristics  (no  suppression 
has  been  detected  when  the  exit  boundary  layer  is  turbu¬ 
lent)  .  (b)  The  suppression  effect  is  maximum  when  the 

shear  layer  is  forced  at  the  maximally  unstable  frequency, 
i.e.  St9  •  0.017  (Mlchalka  1965).  Here  St9(3f8e/U,)  is 
the  excitation  Strouhal  number,  f  is  the  forcing  frequ¬ 
ency,  8e  and  U  are  che  exit  boundary  layer  momentum 
thickness  and  free  stream  velocity^ respectively .  Since 
che  phemonenon  is  associated  with  the  initial  shear  layer 
instability,  it  occurs  not  only  in  circular  jets  but  also 
in  plane  jets  and  plane  mixing  layers,  (c)  The  suppres¬ 
sion  occurs  over  the  entire  thickness  of  the  shear  layer. 
Suppreesion  is  observed  in  longitudinal  and  transverse 
fluctuations  as  well  as  in  che  Reynolds  stress,  (d)  The 
maxlmm  suppression  characterized  by  Uix/Tl^1_  (the  ratio 
of  longitudinal  fluctuation  intensities  with  and  with¬ 
out  excitation)  occurs  at  an  axial  location  of  about 
4008s  downstream  from  the  separation  point  (i.e.,  x  ■  0) . 
The  axial  extent  of  suppression  observed  in  Jets  was  in 
the  range  of  0.75D<x<8D.  In  a  single-stream  plane 
mixing  layer,  they  observed  the  suppression  effect  to 
persist  as  far  downstream  as  60008,.  From  flow  visua¬ 
lization  and  conditional  sampling  studies  of  excited 
end  unexcited  shear  layers,  they  concluded  chat  excita¬ 
tion  at  St9- 0.017  produces  che  fastest  growth  and  roll 
up  of  che  shear  layer,  resulting  into  early  saturation 
and  transition  (breakdown)  of  the  structures,  and  inhibits 
the  formation  of  large  energetic  vortices.  As  a  conse¬ 
quence,  the  large  fluctuation  Intensity,  otherwise 
caused  by  the  passage  and  interaction  of  the  energetic 
vortices  is  reduced.  Thus,  Zaman  6  Hussain  established 
that  the  turbulence  suppression  occurs  in  a  range  of 
Strouhal  numbers  (0.009  -  0.021)  due  to  the  laminar  ltf- 
stabillty  characteristics  of  the  shear  layer.  Note  that 


Vlasov  &  Ginevskiy  (1974)  and  Petersen  et  al.  (1974)  in¬ 
dependently  reported  turbulence  suppression  at  jet  ex¬ 
citation  Strouhal  numbers  StD  •  2.75  and  3.0,  respectively, 
even  though  they  neither  focused  on  this  observation  nor 
attempted  to  explain  the  phenomenon.  In  an  effort  to 
further  investigate  and  understand  Che  phenomenon  of  tur¬ 
bulence  suppression  in  shear  flows,  a  numerical  study  of 
turbulence  suppression  was  undertaken.  The  attractive¬ 
ness  of  the  numerical  simulation  is  that  the  amplitude 
and  frequency  of  the  sinuaoldal  excitation  as  well  as  the 
exit  boundary  layer  momentum  thickness  can  be  varied  at 
will.  Furthermore, controlled  Initial  turbulence  can  be 
introduced  numerically.  In  an  experiment  these  charac¬ 
terizing  parameters-  cannot  be  independently  varied,  limit¬ 
ing  the  choices  available. 

This  paper  reports  the  results  of  numerical  simula¬ 
tion  of  excitation  of  a  plane  two-dimensional  mixing  layer. 
First, a  brier  description  of  the  numerical  simulation  ' 
technique  is  given.  Then  the  results  of  che  simulation 
are  discussed  in  relation  to  experimentally  observed 
suppression  along  with  che  limitations  of  the  simulation. 

NUMERICAL  SIMULATION 

Mixing  layers  are  known  to  be  dominated  by  quasi- 
cvo-dlmenslonal  structures  which  develop  initially  from 
the  Kelvin-Belmholtz  instability  of  a  vortex  sheet 
(Batchelor  1967).  Controlled  excitation  studies  of  jets 
and  mixing  layers  suggest  Chat  the  sensitivity  of  che 
normally  turbulent  flows  to  external  forcing  is  related 
to  che  rotational  invlscid  behavior  of  these  flows.  Then, 
an  lnviacid  two-dimensional  computation  (with  no  vortex 
stretching  and  dissipation  which  are  crucial  to  the 
energy  cascade  argument)  may  shed  light  on  at  least  the 
dynamics  of  large  structures.  To  this  end,  several 
shear  layer  simulations  which  essentially  solve  two- 
dimensional  Euler  equations  have  been  reported  (Acton 
1976 j  Delcourt  &  Brown  1979;  Ashurst  1979;  Aref  & 

Siggla  1980).  In  these  simulations,  the  vorticity, 
originally  confined  in  a  chin  layer, is  concentrated 
further  into  a  finite  number  of  point  vortices  for 
simulation  purposes.  In  other  words,  the  piecewise 
continuous  distribution  of  vorticity  u  is  replaced  by  a 
finite  sum  of  N  delta  functions, 

N 

a><X,c)  -  l  T  6(X-X  (t)),  (1) 

n-1  ° - " 


where  6  is  the  Dirac  delta  function.Xj,  ■  (X_  ,Yn)  is  the 
locaclon  of  the  Nth  vortex  of  circulation  rn.  The 
motion  is  followed  by  integrating  the  system  of  ordinary 
differencial  equations, 


U  (Xn.t). 
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The  solution  of  Che  equations  (1)  and  (2)  presumably 

represents  the  solutions  of  the  evo -dimensional  Euler  Vi,J  “  "  *i+l,J  “  *i-i,j^"tAx  ' 

equations: 
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No  precise  answer  can  be  given  for  the  question  of  the 
number N  of  vortices  required  for  a  simulation.  For  a 
given  N  and  t,  confidence  in  the  method  is  based  on 
comparison  with  experimental  results.  The  selection  of 
a  reasonable  N  is  based  on  the  requirement  of  the  simu¬ 
lation  and  is  many  a  time  limited  by  the  computer  time 
and  memory  requirements  (Saffman  &  Baker  1979;  Leonard 
1980;  Aref  1983). 

The  velocity  field  induced  by  the  vorticity  distri¬ 
bution  may  be  calculated  in  two  different  ways.  One  way 
fS  the  classical  direct  summation  procedure  in  which  one 
calculates  the  velocity  field  by  directly  summing  the 
velocity  fields  of  the  individual  point  vortices.  The 
other  method  is  the  vortex-in-cell  method  (Christiansen 
1973)  in  which  a  grid  is  superimposed  on  an  array  of 
point  vortices  and  the  stream  function  at  the  grid  points 
is  computed  by  solving  the  Poisson  equation  for  *  (Eq.  4) 
after  u  has  been  redistributed  onto  the  mesh  points. 

The  velocity  at  is  than  found  by  Interpolation.  The 
inversion  of  Poisson  aquation  (4)  can  be  performed  very 
efficiently  by  using  the  fast  Fourier  transform  method. 
The  advantage  of  the  vortex-in-cell  method  is  that  the 
amount  of  computation  is  linear  in  N,  whereas  in  direct 
summation  it  is  quadratic  in  N.  Also,  the  viscous  ef¬ 
fects  can  easily  be  incorporated  in  the  vortex-in-cell 
method. 


The  mixing  layer  in  a  laboratory  is  a  spatially 
developing  flow.  However,  simulation  of  spatially 
developing  mixing  layer  is  computationally  expensive. 

Only  Ashurst’s  (1979)  simulation  is  that  of  a  space- 
developing  mixing  layer.  All  other  simulations  consider 
time-developing  mixing  layer.  In  the  time-developing 
perturbed  shear  layer  simulation,  Riley  and  Metcalfe 
(1“7  ,■)  solve  directly  the  fully  nonlinear  low  pass- 
filtered  equations  of  motion  using  pseudo-spectral 
methods.  This  is  called  direct  numerical  simulation 
(sometimes  referred  to  as  large  eddy  simulation  when  sub- 
grid  scale  modeling  is  employed) . 


He  consider  a  time-developing  two-dimensional  shear 
layer  and  use  the  vortex-ln-cell  method.  The  method  is 
briefly  discussed  below.  The  superimposed  grid  has  mesh 
speclngs  Ax  and  Ay,  assumed  uniform  in  x  and  y  directions, 
respectively.  To  obtain  the  stream  function  <p,  a  finite 
difference  (central  difference)  approximation  is  made  to 
eqn.  (3). 


(*i+i.j-2*i.j+Vi^)/<4x)2+(*i'J+1 
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The  vorticity  is  represented  at  the  points  (x„,yn)  and 
so  a  redistribution  scheme  is  introduced  to  assign  values 
et  the  grid  points  and  the  aqn.  (6)  is  solved.  Figure  1 
shows  the  redistribution  scheme, 


w(k)  ■  A^/Ax-Ay, 


(7) 


where  the  A’s  are  the  areas  shown:  Equation  (6)  is 
solved  using  a  fast  Poisson  solver  (Hockney  1970)  using 
a  fast  Fourier  transform  method.  To  determine  the 
velocity  of  a  point  vortex,  the  velocities  at  the 
nearest  four  grid  points  are  calculated  using  a  central 
difference  formula. 


°i.J  "  (*i,j+l  *  *i,j- 


,)/2Ay 


(8) 


and  then  interpolated. 
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The  vortices  are  moved  forward  in  time  using  a  stable 
second  order  accurate  method, 

n^  ^  Xn^  ®’3^n  <V+V^))tt.  <u> 


Y  (t+  At)  -  Y  (t)  +  0.5(V  (Y  )  +  V  (Y  ))At  .  (12) 

n  n  n  n  n  a 


where 

Xn  •  Xn(t)  +  W4t  ■ 

and 

Y  -  Y  (t)  +  V (Y  )At  •  (14) 

n  n  n  n 

In  this  way  the  vorticity  distribution  at  (t  +  At)  is 
computed,  and  the  procedure  la  repeated  to  study  the 
evolution  of  the  flow  in  time. 

In  the  present  simulation, we  superimpose  a  128  x 128 
grid  on  the  flow  field  of  the  shear  layer  represented  by 
4096  point  vortices  with  periodic  boundary  conditions  in 
the  x-dlrection.  4096  point  vortices  have  been  found  to 
be  adequate  in  representing  the  9hear  layer  in  the 
present  simulation.  The  computation  was  carried  out  on 
the  AS  9000 /N  computer  system.  Preliminary  calcuations 
were  done  on  a  64  x  64  grid  with  2048  vortices.  The 
adequacy  of  the  time  stepping  accuracy  has  been  verified 
on  both  the  solution  of  a  single  shear  layer  with  sinuo- 
sidal  disturbance  and  the  evolution  of  two  shear  layers 
with  symmetric  sinusoidal  disturbance  (simulating  ’puf¬ 
fing’  Instability  of  a  plane  Jet).,  Although  smoothing 
procedures  (Moore  1981)  could  be  employed  to  extend  the 
useful  evolution  time,  no  such  procedure  was  attempted 
in  the  present  simulation. 

The  shear  layer  in  the  present  simulation  is  given 
an  initial  thickness  by  representing  it  by  four  rows  of 
point  vortices.  The  distance  between  the  rows  was  ar¬ 
rived  at  by  examining  the  velocity  profile  and  momentum 
thickness  in  a  number  of  configurations.  It  was  found 
that  a  transverse  distance  between  the  rows  of  0.2  times 
the  mesh  size  results  in  a  velocity  profile  which  com¬ 
pares  well  with  the  tanhyperbolic  velocity  profile 
(Fig.  2).  The  particular  configuration  chosen  yields 
a  momentum  thickness  which  enables  the  study  of  excita¬ 
tions  at  various  Stg  on  the  chosen  grid. 

The  excitation  frequency  Stg  in  the  numerical  simu¬ 
lation  is  expressed  as  Stg  -  0.56e/X;  8e  is  the  initial 
momentum  thickness  of  the  undisturbed  shear  layer  and 
X  is  the  wavelength  of  the  perturbation.  Thus,  in  the 
numerical  simulation  we  choose  the  wavelength  X  to  obtain 
the  desired  frequency  Stg  of  excitation.  This  is  equiva¬ 
lent  to  the  experimental  procedure  adopted  by  Taman  & 
Hussain  (1981)  for  a  single-stream  plane  mixing  layer, 
where  they  varied  the  frequency  of  excitation  at  constant 
values  of  the  exit  velocity  Ue  and  the  momentum  thick¬ 
ness  8.. 
e 


The  excitation  cases  are  studied  by  specifying  a 
regular  sinusoidal  initial  disturbance  of  the  chosen 
frequency  to  the  initial  distribution  of  point  vortices 
representing  the  shear  layer.  An  extremely  small  random 
disturbance  is  superimposed  on  the  sinusoidal  disturbance 
for  enabling  different  realizations  for  ensemble  average. 
The  unforced  case  is  obtained  by  computing  the  roll  up 
and  evolution  of  the  large-scale  vortex  structures  with¬ 
out  any  sinusoidal  initial  perturbation.  The  number  of 
frequencies  investigated  is  limited  by  the  grid  size  and 
the  periodic  boundary  conditions.  The  amplitude  of 


1st 


M 


A_  7 


A 


£ 

V: 


■:w  -  v'  r.’  -r  v  v.  y . • ; 


excitation  baa  bean  varied  over  a  large  range.  The  ef¬ 
fect  of  auperiapoaing  random  fluctuation  (repreaenting 
the  high  frequency  random  fluctuation  that  exiat  in  a 
real  flow)  on  the  regular  ainueoidal  diaturbance  haa  alao 
been  atudied  with  different,  levela  o  of  the  random  fluc¬ 
tuation  . 

RESULTS  AND  DISCUSSION 


For  any  initial  diaturbance  specified,  che  temporal 
evolution  of  the  ahear  layer  is  computed.  At  any  intent 
of  time  the  position  of  vortices  and  the  velocities  on 
Che  grid  points  are  known  in  che  simulation.  The  mean 
velocity  u  is  obtained  as  x  average. 


u(y,t)  “  /  u(x,y,t)  dx. 


05) 


The  mean  velocity  u  goes  to  a  constant  value  AU/2  well 
above  che  shear  layer  and  -AU/2  well  below  che  shear 
layer.  We  can  compute  che  momentum  chickness  as, 

9(C)  -  /  (0.25  -  (u/AU)2dy  (16) 

The  momentum  thickness  and  the  width  of  Che  3hear  layer 
B(=  yQ  95 -yQ  i>  are  computed  at  every  time  step;  yQ  9J 
and  y“*0  are'the  transverse  location  where  ii  is  952 
and  102  of  che  freeatream  velocity  difference  AU.  At 
regular  intervals  the  profiles  of  turbulence  intensities 
and  Reynolds  stress  are  obtained.  The  typical  interval 
for  the  time  averages  were  such  chat  the  momentum  thick- 
nss  increases  by  about  52  during  the  interval. 

The  ratio  u^/u^  of  the  peak  longltudinl  fluctuation 
with  excitation  u^  to  the  peak  longitudinal  fluctua¬ 
tion  without  excitation  u^  is  defined  as  che  suppres¬ 
sion  factor.  Preliminary  investigation  showed  no 
noticeable  change  in  the  evolution  of  che  shear  layer 
for  aaiplitudes  of  excitation  A/ A  between  0.003  and 
0.125.  Figure  3  shows  the  width  of  the  shear  layer  as 
a  function  of  time  for  two  Strouhal  numbers,  0  and 
0.017  for  an  excitation  amplitude  of  0.0125.  We  observe 
near  linear  variation  of  the  width  vith  time,  with  little 
difference  between  the  forced  and  unforced  cases.  In 
this  amplitude  range  of  excitation, no  recognizable  sup¬ 
pression  occurs.  However,  in  the  range  of  amplitude  of 
excitation  0.025  to  0.2,slgniflcant  changes  in  flow 
development  occur,  and  we  observe  turbulence  suppres¬ 
sion  as  discussed  below.  A  major  part  of  the  results 
of  suppression  reported  below  has  bean  obtained  for  an 
excitation  amplitude  of  0.05.  In  che  experiments  of 
Zaman  &  Hussain, the  excitation  amplitude  (u^/Ue)  was  in 
Che  range  of  0.3  to  12.  The  higher  forcing  levels  re¬ 
quired  in  the  simulation  compared  to  chose  used  in  che 
experiments  may  be  an  inherent  constraint  of  the  simu¬ 
lation.  The  inadequacy  may  partly  stem  from  the  grid 
size  and  number  of  vortices  employed.  Acton  (1980) 
found  similar  requirements  of  high  forcing  levels  in 
her  numerical  simulation  compared  to  experimental  levels. 
The  suppression  faccor  u^/u^  as  a  function  of  time 
la  shown  in  Fig.  A  for  four  Strouhal  numbers  for  an  ex¬ 
citation  amplitude  of  0.05.  It  is  seen  chat  the  maximum 
suppresaion  occurs  for  a  Strouhal  number  of  0.017,  the 
theoretical  'maximally'  unstable  frequency.  The  sup¬ 
pression  for  St9  •  0.034  and  0.008  is  less  pronounced. 
This  is  in  qualitative  agreement  with  Che  experimentally 
observed  results.  For  a  Strouhal  number  (0.067)  much 
higher  chan  the  maximally  unstable  frequency,  we  observe 
turbulence  augmentation  rather  than  suppression.  The 
nextmimi  suppression  observed  at  Stg  •  0.017  is  about 
352.  It  may  be  instructive  to  note  that  the  maximum 
suppression  observed  by  Zaman  A  Hussain  was about  A22 
at  U#  •  20  m/aec  and  about  58Z  at  U«  -  10  m/sec  for  a 
plana  mixing  layer.  The  measurements  were  made  at  a 
constant  transverse  distance  y(*  1.27  cm  from  the  lip) 
whereas  the  suppression  factor  reported  here  is  the 
ratio  of  peak  longitudinal  fluctuations  which  occur  at 
a  different  y.  Another  aspect  of  the  numerical  simu¬ 
lation  is  that  the  results  show  oscillations  which  are 
mot  observed  in  acoustic  excitation  measurements. 

Crlghton  &  Caster 's  (1976)  analyses  showed  that  small 
differences  in  the  mean  velocity  profile  could  result 
in  significant  changes  in  instability  characteristics. 


The  observed  oscillations  in  the  numerical  simulation 
could  be  due  to  the  difference  in  che  simulation  initial 
velocity  profile  (Fig.  2).  Also,  a  larger  simulation 
and  an  ensemble  average  of  large  samples  will  reduce  the 
oscillations. 

Figure  5  shows  the  transverse  peak  velocity  fluctua¬ 
tion  ratio  v'  /v^  against  time.  We  notice  that  the 
observed  Strouhal  number  preference  (Stg  -  0.017)  for 
suppression  in  longitudinal  fluctuations  does  not  exist 
for  transverse  velocity  fluctuations.  Zaman  A  Hussain 
obtained  the  distribution  of  the  longitudinal  and  trans¬ 
verse  components  of  the  turbulence  intensities  u'  and  v' 
over  the  entire  width  of  the  shear  layer  at  Ste  *  0.017 
with  and  without  excitation.  They  found  that  for  the 
excitation  case  both  longitudinal  and  traverse  components 
of  turbulence  intensities  are  small,  over  the  entire 
cross-section  compared  to  the  corresponding  values  in  che 
unexcited  case.  But  it  is  not  clear  if  the  Strouhal 
number  preference  for  the  maximum  suppression  will  be  true 
for  the  transverse  component  of  the  turbulence  intensity 
too.  The  experiments  show  that  uv/Ue2  also  suffer  sup¬ 
pression  vith  excitation  of  0.017.  The  ratio  of 
uv^/uvux  obtained  in  the  simulation  is  shown  in  Fig.  6. 

We  see  that  che  Reynolds  stress  shows  large  excursions 
due  to  the  small  number  of  rolled  up  vortices  in  the 
simulation.  That  is,  the  excursions  are  large  statistical 
fluctuations  in  a  small  sample,  and  this  can  be  demon¬ 
strated  numerically  (Aref  and  Siggla  1980) .  Because  of 
cancellations  due  to  fluctuations  in  the  sign  of  uv,  we 
need  a  larger  simulation  length  of  the  shear  layer  and  a 
larger  ensemble  size  for  this  quantity  than  for  the 
longitudinal  on  transverse  velocity  fluctuations  which 
are  positive  definite  quantities.  To  obtain  a  smooth 
average  one  needs  a  large  system  of  vortices  and  an 
ensemble  average  of  large  samples.  In  the  present  case 
because  of  the  small  number  of  roll-up  vortices  con¬ 
sidered  an  ensemble  average  of  3  realizations  was  found 
to  result  in  only  a  marginal  improvement  of  the  results. 
The  evolution  of  the  momentum  thickness  [Eq.  (16)]  and 
width  of  the  shear  layer  are  shown  in  Figs.  7  and  8 
respectively,  for  the  Strouhal  numbers,  0.008,  0.017  and 
0.034.  We  see  that  the  growth  rate  for  Strouhal  numbers 
0.017  and  0.034  are  not  very  much  different. 

We  need  to  digress  a  little  here  and  discuss  the 
success  of  the  numerical  methods  in  predicting  the  velo¬ 
city  fluctuations.  Ashurst’s  computations  incorporated 
viscosity  twice,  using  both  the  random  walk  and  the 
viscous  Increase  of  size  (aging  of  the  discrete  vortices) 
in  an  effort  to  match  the  simulation  fluctuation  velocity 
components  to  the  experimental  ones.  Even  after  inclusion 
of  viscous  effects  he  could  match  the  longitudinal  and 
transverse  fluctuation  intensities  of  the  simulation 
with  those  of  experiments  only  for  low  Reynolds  numbers. 
For  high  Reynolds  numbers  he  could  match  only  the  longi¬ 
tudinal  intensities.  He  conjectured  chat  the  pressure 
strain  correlations  (pAu ' / AxX  which  are  responsible  for 
maintaining  Che  transverse  velocity  fluctuations,  may  not 
be  correctly  simulated.  Aref  A  Siggia  found  that  the 
peak  velocity  fluctuations  in  their  simulation  (256  x  256 
grid  with  4096  vortices)  were  high  compared  to  the  experi¬ 
mental  values.  Also,  the  transverse  velocity  fluctuations 
were  larger  than  the  longitudinal  ones  though  the  reverse 
is  true  at  high  Reynolds  numbers.  Acton  (1980)  also 
found  chat  the  values  of  fluctuation  components  were 
much  higher  than  the  experiments,  which  is  true  with  the 
present  simulation  too.  Since  we  are  considering  only 
the  ratios  of  the  fluctuation  intensities,  it  is  believed 
that  the  results  of  suppression  have  been  reasonably 
correctly  predicted  in  the  simulations.  No  attempt  was 
made  to  include  viscous  effects  in  the  present  simulation. 

Next,  it  is  of  interest  to  see  if  the  Strouhal 
number  dependence  of  turbulence  suppression  is  true  for 
any  amplitude  of  excitation.  We  obtained  the  suppres¬ 
sion  factor  u^x/u^x  for  three  Strouhal  numbers  for  an 
excitation  amplitude  of  0.2.  The  results  are  shown  in 
Fig.  9.  We  see  that  at  this  amplitude  of  excitation  the 
strong  Strouhal  number  preference  of  the  maximum  sup¬ 
pression  is  lost.  An  experimental  study  of  suppression 
at  high  amplitude  (uj/ue  -  4.52)  carried  out  by  us  in  an 
axlsymmetric  mixing  layer  clearly  showed  that  the  Strouhal 
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number  preference  is  lost  ac  high  amplitudes.  The 
maximum  suppression  was  found  to  occur  ac  St9  *  0.022 
(maximum  frequency  studied  in  the  experiment)  and  not  at 
0.017,  the  maximally  unstable  frequency,  at  high 
amplitudes  of  excitation  nonlinear  »ffects  dominate  che 
flow  evolution.  A  high  initial  amplitude  together  with 
the  fast  transition  (inferred  from  che  longitudinal 
velocity  spectra  ac  U/Ue  •  0.7  along  x)  for  excitation 
frequencies  larger  chan  the  maximally  unstable  frequency 
produces  less  energetic  smaller  structures  earlier  in  x. 
The  saturation  amplitude  at  a  high  frequency  is  also  less. 
The  combined  effect  of  these  is  to  produce  a  higher 
suppression. 

The  dependence  of  the  extent  of  suppression  on  the 
amplitude  of  excitation  is  shown  in  Fig.  10  for 
Stg  a  0.017.  The  maximum  suppression  is  found  to 
increase  with  increase  in  the  amplitude  of  excitation. 
However,  one  would  expect  the  suppression  to  saturate 
at  some  m mi mum  amplitude  of  exclcation.  This  does  not 
occur  in  che  present  simulation  since  the  disturbance 
is  in  che  position  of  che  point  vortices.  For  amplitudes 
of  excitation  greater  than  0.2,  the  shear  layer  becomes 
so  thick  that  it  does  not  evolve  and  grow.  This  is 
shown  in  Fig.  11  and  12,  which  show  the  variations  of  B 
and  8  with  time  at  different  amplitudes  of  excitation. 
He  see  that  as  the  excitation  amplitude  increases, the 
growth  rate  decreases.  Such  behavior  at  high  amplitudes 
of  excitation  in  point  vortex  simulation  has  been  re¬ 
ported  by  Acton  (1976) .  The  initial  velocity  distur¬ 
bance  introduced  corresponding  to  each  amplitude  of  ex¬ 
citation  is  shown  in  che  figure.  We  see  that  for 
amplitudes  of  excitation  greater  than  0.2,  the  distur¬ 
bance  velocity  decreases,  indicating  the  non-physical 
nature  of  che  shear  layer  representation.  Thus  the 
simulation  is  meaningful  only  up  to  an  amplitude  of  ex¬ 
citation  of  0.2. 

The  disturbance  introduced  into  intrinsically  un¬ 
stable  shear  layer,  appears  as  high  frequency  random 
fluctuations  superimposed  on  low  ones,  depending  on  the 
frequency  of  the  disturbance  (Ho  A  Nossier  1981,  Oster  & 
Wygnanski  1982) .  Also  in  a  real  flow  situation  there 
always  exist  random  (incoherent)  velocity  fluctuations, 
whose  effect  on  the  flow  depends  on  che  level  of  these 
fluctuations.  To  incorporate  these  random  fluctuations 
in  the  simulation,  we  superimposed  random  fluctuations 
(of  positionsof  vortices)  over  the  regular  sinusoidal 
fluctuations  of  che  specified  frequency.  The  level  (a, 
standard  deviation)  of  the  random  fluctuations  was  varied 
and  its  effect  on  the  suppression  of  longitudinal  turbu¬ 
lence  intensity  studied.  The  results  are  shown  in  Fig. 

13.  He  see  that  the  maximum  suppression  increases  with 
increase  in  che  level  of  random  fluctuations.  As  with 
che  amplitude  of  excitation,  the  maximum  suppression  in¬ 
creases  with  increase  in  the  level  of  random  fluctuation 
without  attaining  a  saturation  level.  For  values  of  a 
beyond  0.037,  the  general  shape  of  the  curve  (uaX^uux  a“ 
galnst  time)  change^  and  the  suppression  Increases  dras¬ 
tically  which  is  not  physically  meaningful.  The  reason 
for  this  is  the  excessive  initial  thickening  of  the 
shear  layer  with  such  high  levels  of  random  fluctuation 
as  shown  in  Figs.  14  and  15. 

CONCLUSIONS 

The  present  numerical  simulation  results  may  be 
summarized  as  follows: 

1.  No  noticeable  suppression  occurs  ir.  the  range 

of  amplitude  of  excitation  0.003  0.0125.  Turbulence 

suppression  occurs  in  the  range  of  amplitude  of  excita¬ 
tion  0.025  0.2. 

2.  At  an  amplitude  of  excitation  of  0.05,  the 
simulation  shows  that  che  maximum  suppression  occurs 
at  che  maximally  unstable  frequency  of  Stg  *  0.017, 
conalstant  with  the  experimental  results. 

3.  At  high  amplitudes  of  excitation  (A/X  -  0.1) 
this  Scrouhal  number  preference  is  lost.  (This  has 
been  verified  experimentally  by  us  recently) . 


4.  The  level  of  random  fluctuations  superimposed 
on  the  sinusoidal  fluctuations  has  significant  effect 
on  the  extent  of  suppression. 

The  research  is  supported  by  the  National  Science 
Foundation  under  Grant  MEA  81-11676. 
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ABSTRACT 

The  paper  discusses  some  specific  features  of 
turbulent  flows  subjected  to  the  periodic  variation  of 
external  conditions.  A  particular  emphasis  is  placed  on 
the  lagging  response  of  turbulent  structure  and  the 
hysteresis  of  turbulent  stresses  that  were  detected 
experimentally  in  a  number  of  periodic  flows.  Several 
test  of  experimental  data  were  analysed  in  this  light 
and  attempts  were  made  to  obtain  their  prediction  by 
means  of  single-  and  double-scale  models  of  turbulence. 
Attention  was  focused  on  a  case  of  simulated  tidal  flow 
where  the  above  mentioned  features  are  particulary 
pronounced.  Some  modifications  of  the  standard  stress- 
dissipation  model  of  turbulence  yielded  a  noticable 
improvement  of  the  prediction  of  major  properties  of 
this  and  some  other  periodic  flows. 

INTRODUCTION 

If  a  turbulent  flow  is  subjected  to  the  space-  or 
time  variation  of  the  external  conditions,  the  turbulent 
interactions  associated  with  different  parts  of  the  wave 
number  spectrum  will  not  generally  respond  in  the  same 
manner.  Consequently,  the  turbulence  and  mean  flow 
parameters  are  bound  to  exhibit  different  phase  shifts 
and  amplitude  modulations.  A  number  of  recent  publicati¬ 
ons  on  unsteady  turbulent  flows  revealed  the  existence 
of  a  definite  time-space  lag  between  the  response  of 
turbulent  structure  and  the  mean  flow  parameters,  but 
also  a  different  variations  of  these  shifts  across  the 
flow.  This  effect  may  become  particularly  pronounced  if 
the  external  disturbances  have  a  periodic  character , the 
intensity  of  the  lag  depending  upon  the  pulsation 
frequency  and  their  amplitudes.  Furthermore,  because  the 
response  of  the  turbulence  structure  varies  over  the 
wave  number  spectrum,  the  time  lags  during  the  accelera¬ 
tion  period  are  markedly  different  from  those  which 
occur  during  the  deceleration  phase,  so  that  some  of  the 
turbulence  parameters  display  a  pronounced  histeresis 
(Anwar  and  Atkins,  1980).  Yet,  most  authors  report  that 
both  the  mean  flow  and  turbulence  parameters,  when  norma- 
lizded  appropriately,  yield  the  same  quantitative 
behaviour  as  those  in  corresponding  steady  flows.  These 
findings  can  hardly  be  justified  in  cases  where  the 
phase  shifts  of  dependent  variables  and  normalizing 
parameters  do  not  remain  constant  across  the  flow. 

The  above  mentioned  features  impose  significant 
effects  upon  the  transport  processes  in  turbulent  flows 
and  they  are,  therefore,  of  substantial  practical  inte¬ 
rest.  Boundary  layer  development  on  rotating  airfoils 
and  turbomachinery  blades,  heat  transfer  and  fiow  resis¬ 
tance  in  heat  exchangers  with  pulsating  flows  such  as 
the  air  intercoolers  of  two-stage  compressors  and 
dispersion  of  dissolved  pollutants  in  coastal  waters, 
are  just  some  of  the  many  such  examples. 


On  the  other  hand,  the  inertial  lag  of  the  dynamics 
of  turbulence  structure  behind  the  mean  flow  distortion 
in  pulsating  flows  is  a  challenging  feature  that  may 
serve  as  a  severe  test  for  the  verification  of  modelling 
techniques. 

It  is  generally  recognized  that  the  current 
prediction  methods,  verified  in  steady  flows  of  varying 
complexity,  give  poorer  performances  when  applied  to 
the  calculation  of  unsteady  and  periodic  flows.  This  is 
in  particular  the  case  with  eddy  viscosity  models,  even 
if  the  transport  coefficient  is  supplied  by  the  diffe¬ 
rential  equations,  such  as  implied  by  k-£.model.  Shemer 
and  Wygnanski  (1981)  introduced  separate  eddy  viscosity 
coefficients  for  the  steady  and  time  dependent  parts  of 
the  phase  averaged  field.  Cousteix  et.  al.  (1981)  empha¬ 
sised  the  importance  of  the  inclusion  of  the  normal 
stress  production  in  the  kinetic  energy  equation 
(usually  neglected  in  calculation  of  boundary  layers), 
and  reported  that  a  decisive  improvement  had  been 
achieved  by  solving  the  equations  for  all  turbulent 
stress  components  in  comparison  with  k-£,model. 

In  fact,  depending  on  frequency  and  amplitude,  the 
pulsating  flow  may  be  expected  to  depart  from  both  the 
spatial-  and  spectral  equilibrium  and  any  model  that 
relies  upon  the  equilibrium  assumption  is  bound  to  be 
more  or  less  unsatisfactory.  This  evidence  was  recogni¬ 
zed  earl ier  by  the  present  and  other  authors  (e.g. 
Hanjalic,  Launder  and  Schiestel,  1979)  when  analysing 
some  steady  nonequilibrium  flows  including  simple  cases 
such  as  the  development  of  turbulence  when  passing 
through  a  sudden  contraction  of  the  cross-sectional  area, 
or  boundary  layers  subjected  to  a  sudden  deceleration 
(or  acceleration),  followed  by  the  relaxation  of  the 
imposed  pressure  gradient.  The  latter  case  bears  some 
resemblance  to  a  half  cycle  period  of  an  unsteady 
periodic  flow.  In  most  of  the  mentioned  cases  the 
standard  k-  E  model,  or  even  the  full  stress  model  did 
not  yield  the  satisfactory  reproduction  of  the  experimen¬ 
tal  results. 

The  difference  in  the  quality  of  predictions 
obtained  by  k-  £  and  stress  models,  as  found  by  Cousteix 
et  al .  (1981)  and  the  present  authors  suggests  that  the 
structural  parameter  uTJTij/k  does  not  remain  constant  as 
found  in  steady  equilibrium  wall  boundary  layers,  nor  do 
their  phase  shifts  exhibit  the  same  behaviour.  This  in 
fact  emphasises  the  importance  of  both  the  spatial-  and 
spectral  transports  of  individual  stress  components, 
particularly  in  flows  with  preferential  straining  direc¬ 
tion.  Hence  an  adequate  account  for  this  should  be  made 
in  order  to  achieve  a  satisfactory  simulation  of 
turbulence  dynamics. 

Similar  dissatisfaction  was  experienced  in  attempts 
to  calculate  the  unsteady  periodic  flows  discussed  in 
the  present  work.  However,  contrary  to  the  findings  of 
Cousteix  et  al  (1980,  the  application  of  full  stress 
model  as  postlated  by  Launder  Reece  and  Rod  i  (1975), 
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although  performing  better  then  simple  k-£  model  still 
did  not  yield  the  acceptable  agreement  with  the  expe¬ 
riments.  One  of  the  reasons  for  a  different  outcome 
may  be  attributed  to  a  different  treatment  of  the'visco- 
si ty-affected  near-wall  region,  which  in  the  present 
work  is  bridged  over  by  means  of  wall  functions.  It  is 
believed,  however,  that  the  major  reason  lies  in  a 
general  inadequacy  of  the  single-point  methods  to 
represent  the  nonequilibrium  situations. 

In  fact,  if  the  difference  in  response  of  various 
turbulence  parameters  can  be  attributed  to  the  spectral 
nonequilibrium,  then,  in  order  to  achieve  a  closer 
simulation  of  the  real  processes,  the  mathematical 
model  should  account  for  the  spectral  dynamics,  in 
addition  to  the  modelling  of  processes  in  the  physical 
space.  This  condition  can  not  be  fully  satisfied  by 
any  of  the  present  single  point  closure  schemes. 

Yet  the  simplicity  and  a  wide  verification  of  single 
point  models  seem  to  justify  all  efforts  towards  their 
further  improvement  and  extension  of  their  validity. 

The  present  work  describes  our  efforts  in  exploring 
the  suitabilities  of  single-and  two-  scale  second  order 
closure  models  in  standard  and  modified  forms  for  . 
predicting  the  earlier  mentioned  features  of  wall 
turbulent  flows  subjected  to  periodic  disturbances  of 
external  flow  conditions.  In  the  first  phase  of  the 
work  the  testing  was  carried  out  with  the  k-E  and  the 
Reynolds  stress-dissipation  models,  with  several 
modifications,  proved  earlier  to  produce  some  improve¬ 
ment  in  predicting  the  nonequilibrium  and  recirculating 
turbulent  flows.  One  of  the  modifications  implies  a 
different  formulation  of  the  source  term  in  the  dissipa¬ 
tion  equations  (Hanjal id  et.  a  I . ,  1 981 ,  Launder  et  a  1 . , 
1981),  which  enshures  somewhat  weaker  coupling  of  the 
modelled  dynamics  of  £  with  the  dynamics  of  turbulent 
kinetic  energy.  Other  modifications  concern  different 
specif ication  of  wall  functions  of  both. mean  and 
turbulence  parameters.  These  employ  k1'2  instead  of 
friction  velocity  as  the  characteristic  velocity 
scale  and  the  relaxation  of  the  constant  stress- 
-turbulent  energy  constraints  in  the  near-wall  region 
in  sense  of  proposals  given  byChi eng  and  Launder  1  g80  . 

In  the  second  part  of  the  work  the  use  was  made  of 
the  two-scale  model  of  turbulence  (Hanjal ic,  Launder 
and  Schiestel ,  1979).  with  some  minor  modifications 
concerning  the  division  of  the  energy  spectrum  and  the 
consequent  redefinition  of  the  empirical  coefficients. 
The  work  is  still  in  progress  and  the  preliminary 
results  of  the  application  of  the  two-scale  models  are 
encouraging. 

The  models  were  used  to  calculate  a  number  of  the 
pulsating  turbulent  water  and  air  flows  having  diffe¬ 
rent  frequencies  and  amplitudes  of  the  external  pertur¬ 
bations.  Particular  attention  was  paid  to  the  results 
of  experimental  simulation  of  tidal  flow  of  Anwar  and 
Atkins  (1980)  with  large  period  of  oscilation,  in  which 
the  responses  of  turbulent  stresses  during  the 
acceleration  and  deceleration  periods  show  distincly 
different  features  and  a  visible  hysteresis. 

CONSIDERED  MODELS  AND  THEIR  MODIFICATIONS 

Single-scale  stress-dissipation  model 

It  is  generally  recognized  that  the  weakest  point 
in  the  single-point  closure  models  is  the  transport 
equation  governing  the  turbulence  scale.  Most  of  the 
models  employ  at  present  the  turbulence  energy 
dissipation  rate  £.  which,  in  combination  with  the 
kinetic  energy,  yields  the  characteristic  time  or  length 
scale  of  turbulence.  The  source  term  in  the  equation  for 
£  is  usually  modelled  In  form: 

ss-rce,p-cei£)e/*  (i) 

where  P  is  the  production  of  turbulent  kinetic  energy. 

Serious  criticisms  have  been  placed  in  the  past  on 
this  formulation,  the  major  one  being  that  the  source 
of  £  is  too  closely  linked  with  the  source  of  kinetic 
energy  itself.  Bearing  in  mind  that  £  represents  in 
fact  the  energy  transfer  rate  across  the  wave  number 
spectrum  which  equals  the  energy  dissipation  rate  only 
under  the  conditions  of  spectral  equilibrium,  one  may 


expect  that  the  production  of  V  will  depend  on  mean  rate 
of  strain  (not  necessarily  in  the  same  manner  as  the 
production  of  kinetic  energy  itself!),  but  also  upon  the 
mean  vort ici ty  , turbulence  anisotropy  (as  advocated 
earlier  by  Lumlay  and  coworkers)  and  other  parameters 
that  may  influence  the  energy  transfer.  A  functional 
combinations  of  variables  at  d i sposal , sat i sfy ing  the 
invariance  conditions,  may  be  written  in  the  form 
(retaining  only  the  first  order  terms): 

*"*!%)'.  '£  t ■ (2) 

where  A  represents  the  first  invariant  of  the  stress 
ani sotropy . 

Extensive  testings  would  be  required  to  find  a 
usable  form  of  the  expression  (2)  and  to  prove  its  supe¬ 
riority  over  the  current  simple  practice  which  uses 
only  the  first  and  the  last  terms.  However,  equally 
s imple  al ternati ve.* 

S  mC  k(  )*-  C  —  (3) 

Ls/  *  l  qXj>  Le>  k 

which  yielded  noticabie  improvement  of  the  calculation 
of  both  the  simple  nonequl ibrium  flows  and  more  complex 
recirculating  flows  behind  a  step  (Launder  et  a  I  .  1 981 ), 
helped  also  to  improve  the  predictions  of  pu.lsating 
cases, cons idered  in  the  present  work. 

It  should  be  mentioned  that  the  new  term  offers 
some  potential  advantages  since  it  relaxes  the  linkage 
between  the  energy  and  £,  equation  as  impl  ied  by 
standard  models.  The  expression  (3)  implies  also  that 
the  first  term  ("production")  is  now  scaled  bv  the  time 
scale  of  the  mean  flow  deformation  (dU./dU.)-'.  This 
seems  plausible  since  the  energy  transfer  Jrate  through 
the  spectrum  is  controlled  primarily  by  the  "large" 
eddies  which  are  strained  almost  entirely  by  the  mean 
rate  of  strain  (Townsend,  1980),  The  second  term 
("destruction")  remains  to  be  scaled  by  turbulence  scale 
(k/E  ),  implying  that  the  attenuation  of  the  transfer 
process  is  controlled  by  turbulence  itself. 

Other  modifications,  considered  earl ier, concern  the 
diffusive  term  in  the  6  equation  but  none  of  the 
remedies  proved  to  be  equally  benefitlal  in  different 
flow  situations  and  have  not  been  pursued  further  in 
this  work. 

Two-scale  model 

The  idea  of  modelling  separately  the  dynamics  of 
low  and  high  wave-number  parts  of  the  energy  spectrum, 
as  implied  by  the  two-scale  model  of  Hanjal ic,  Launder 
and  Schiestel  (1979),  seems  particularly  atractive  for 
predicting  the  flows  subjected  to  strong  variation  of 
external  conditions.  Indeed,  the  two-scale  k-£  model 
produced  a  more  adequate  response  of  some  steady 
homogeneous  and  wall  flows  that  were  exposed  to  sudden 
changes  of  pressure  gradient.  The  improvements 
reported  in  the  above-mentioned  paper  encouraged  us  to 
employ  the  same  model  to  the  periodic  flows,  considered 
here.  The  two-scale  k- £  mode)  produced,  however,  somew¬ 
hat  better  predictions  (e.g.  Fig.l  ),  but  they  appear 
to  be  still  inferior  to  those  obtained  by  single-scale 
stress  model . 

As  it  was  noted  earlier,  it  is  believed  that  the 
two-scale  model  failed  to  produce  all  the  effects  that 
were  expected  because  the  energy  spectrum  was  divided 
at  too  high  wave  number  with  too  much  energy  asigned  to 
the  low  wave-number  portion  of  the  spectrum.  Attempts 
have  been  made,  therefore,  to  move  the  partitioning  wave 
number  into  the  production  region  as  to  include  the  mean 
rate-of-strain  effect  into  the  equations  governing  the 
high  wave-number  structure.  Positive  effects,  achieved 
by  considering  all  stress  components  in  the  singleacale 
model,  discussed  earlier,  give  some  justification  for 
explor i ng  ana  I  I -stress  variant  of  the  two-scale  model. 
This  approach  requires  however  an  extensive  testing  of 
various  stady  flows  to  determine  a  number  of  new  empi¬ 
rical  coefficients,  before  the  model  is  applied  to  an 
unsteady  situation. 

In  the  moment  of  writing  this  paper  we  had  comple¬ 
ted  only  the  preliminary  testing  of  the  model  in  homoge- 

*  This  remedy  has  an  effect  only  m  stress-models  while 
in  k- £.  model  it  reduces  to  the  standard  form. 
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where  Indices  "p"  end  "t"  refer  to  the  production  and 
transfer  regions  of  the  energy  spectrum,  respectively. 
P..  is  the  stress  production  and  l.  .  pressure  redistri¬ 
bution.  The  latter  term  was  modelled  in  the  manner 
proposed  ba  Launder  et.al . (1975) • 

For  the  beginning  it  was  assumed  that  coefficients 
in  all  terms  of  stress  equations  for  "p"  and  "t"  region 
have  the  same  values, equal  to  those  in  the  single-scale 
model.  The  model,  applied  to  a  series  of  homogeneous 
flows,  that  were  considered  at  the,  1 980-81  AFOSR-HTTM 
Stanford  Conference,  produced  in  the  whole  better 
reproduction  of  the  experimental  data  than  the  single- 
-scale  model.  This  is  illustrated  in  Fig  1.,  where, 
comparison  is  given  between  the  predictions  of  kinetic 
energy  distribution,  obtained  by  two  models,  in  an 
axisymmetric  contraction  of  Tan-atichat  (1980). 

The  solution  of  the  full  set  of  equations  (4)  to  (7) 
in  a  more  complex  flows  does  not  seem  rational  at 
present  and  we  turned  to  a  simplified  form  which  solves 
the  contracted  form  of  the  equation  (5)  (for  kt) ,  while 
the  individual  stress  components  in  "t"  region  are 
calculated  from  algebraic  expressions  worked  out  on  the 
basis  of  equation  (5).  In  this  way  only  two  new  diffe¬ 
rential  equations  are  solved  in  addition  to  the  singie- 
-scale  stress  model.  This  work  is  still  in  progress. 

Treatment  of  the  near-wall  region 

A  common  practice  to  avoid  the  need  for  incorpora¬ 
ting  the  viscous  and  nearwall  effects  into  the  modelled 
transport  equations  and  solving  them  within  the  viscous 
sublayer  is  to  employ  wall  functions  by  which  the 
viscosity-affected  region  is  bridged  over.  The  boudary 
condition  for  the  mean  velocity,  specified  in  the  first 
point  of  the  numerical  grid,  placed  usually  just 
outside  the  viscous  layer,  is  defined  most  often  by 
means  of  the  logarithmic  velocity  law,  which  is  assumed 
to  prevail  even  under  a  severe  variation  of  the  exter¬ 
nal  flow  conditions.  A  number  of  authors  presume  that 
the  standard  form  of  the  law  of  the  wail  remains  valid 
at  every  time  instant  in  an  unsteady  situation.  This 
assumption  relies  on  condition  that  the  phase  shift  of 
the  mean  velocity  in  the  logarithmic  region  equals  that 
of  the  wall  shear  stress.  This  argument  was  confirmed 
directly  for  a  case  of  periodic  boundary  layer  by 
Cousteix  et  al  (1981)  on  the  basis  of  their  own 
experimental  results  and  data  of  Patel  (1977).  However, 
one  should  bear  in  mind  that  in  the  cases  considered 
the  amplitude  of  the  mean  velocity  oscilation  was  not 
very  high  (in  fact  less  than  15$  of  the  time  averaged 
mean  velocity)  and  the  conclusion  may  not  hold  for 
higher  amplitudes  or  different  frequencies.  If  the 
amplitude  of  the  periodic  velocity  component  increases 
sufficiently  to  bring  the  phase-averaged  (ensemble- 
averaged)  velocity  at  a  certain  time  instant  close  to 
zero  or  to  have  negative  values,  logarithmic  law  will 
fail.  The  argument  can  be  extended  to  a  case  of 
oscillating  turbulent  flow  with  zero  time  mean  velocity. 
Hence  the  question  may  be  raised  about  the  limiting 
amplitude  ratio  up  to  which  the  standard  law  of  the 
wall  may ^ be  regarded  as  valid.  Bearing  this  in  mind, the 
use  of  k  1  as  the  velocity  scale  in  the  logaritmic  law, 
as  proposed  by  Launder  and  Spalding  (1973)  appears  to 
be  an  atractive  proposition  for  periodic  flows.  In  this 
way  the  logaritmic  law  may  be  expected  to  extend  its 
validity  not  only  to  cases  of  large  amplitude  of 
periodic  velocity  oscilations,  but  also  to  other 
situations  in  which  the  ratio  tTjTlj/k  does  not  remain 

i  constant. 
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An  attempt  to  confirm  this  assumption  was  made  oy 
replotting  the  velocity  profiles  of  some  reported  cases 
of  periodic  flows,where  the  standard  form  of  logarithmic 
law  did  not  show  a  convincing  universality,  such  as  in 
the  mentioned  flow  of  Anwar  and  Atkins.  However, becauseof 
the  large  experimental  scatter  of  data  it  was  not 
possible  to  draw  a  definite  conclusion.  Yet,  the  t  .. 
computations  that  used  the  wall  function  based  on  k  ' 
showed  improvements  and  were  used  consistently  in  all 
cases  presented  here. 

As  far  as  the  turbulence  parameters  are  concerned, 
their  modelling  in  the  wall  region  requires  a  specific 
approach.  Host  of  the  numerical  finite  difference  or 
finite  volume  schemes  presume  linear  variation  of  all 
dependent  variables  between  the  grid  nodes  as  computati¬ 
onally  most  economical.  This  practice  seems  to  be  satis¬ 
factory  everywhere  except  in  the  vicinity  of  the  rigid 
wall  where  turbulent  parameters  may  exhibit  a  very 
steep  variation.  This  is  particularly  important  for  the 
control  1  cell  closest  to  the  wall  which  may  encompass 
not  only  the  viscous  sublayer,  but  also  a  portion  of 
fully  turbulent  regime.  Chieng  and  Launder  ( 1 980)  split 
the  near-walt  cell  into  two  parts.  The  wai I -adjacent 
part  represents  the  viscous  layer,  the  edge  of  which  is 
defined  by  a  prespecified  value  of  turbulent  Re-number. 
By  assuming  a  quadratic  variation  of  kinetic  energy  and 
zero  shear  stress  in  the  inner  zone  and  linear  variations 
of  both  properties  in  the  outer  part,  the  mean  values 
of  the  energy  production  and  dissipation  over  the  cell 
were  evaluated. 

The  idea  can  be  extended  to  presume  the  variation 
of  each  stress  component  over  the  first  numerical  cell 
and  to  calculate  the  average  values  of  source  terms  in 
each  transport  equation  of  a  full-stress  turbulence  mo¬ 
del,  but  the  uncertainties  in  formulating  the  source 
terms  within  the  viscous  region  discourage  any  attempts 
in  this  direction. 

In  this  work  ,ie  adopted  a  simpler  route  and  calcu¬ 
lated  only  the  averaged  value  of  £  over  the  cell,  but 
related  the  values  of  normal  stresses  in  the  first  grid 
point  to  that  of  the  shear  stress, which  was  calculated 
from  the  mean  momentum  equation.  Because  the  kinetic 
energy  is  used  only  to  obtain  the  average  £, we  adopted  a 
parabolic  expression  k-(ay+b)2'4  to  define  the  variation 
of  k  in  the  outer  part  of  the  cell,  while  in  the  inner 
part  we  employed  the  quadratic  distribution  as  Chieng 
and  Launder  (Fig.2). 


Fig.l.-  Variation  of  kinetic  energy  in  an  axisymmetric 
contraction 


Fig. 2.-  Distribution  of  kinetic  energy  in  the  near-vall 
region 
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With  the  assumption  that  in  the  outer  part  the  locals 
may  be  approximated  by  t-  k.3/2/ ( c  1  y )  ,  the  adopted 
distribution  of  k  yields  a  simple  expression  for  the 
mean  value  of  1  over  the  cell  (notation  is  given  In 
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where: 


3/t  .3/1 

**-  tOo-±*b;  a-  ■  ~r  i  b"  (9) 


PRESENTATION  AND  DISCUSSION  OF  RESULTS 


We  consider  first  the  experiments  of  Anwar  and 
Atkins  (1980)  that  were  obtained  in  a  flume  in  which 
the  water  was  first  accelerated  at  a  constant  rate,  and 
then  decelerated  for  the  same  period  of  time.  Three 
differents  cases  were  examined  with  acceleration/ 
deceleration  times  of  T«200,30Q  and  550  seconds.  The 
predictions  of  all  three  cases  were  carried  out  by 
means  of  single-scale  stress-dissipation  turbulence 
model  with  the  modifications  described  earlier.  Also  the 
case  with  T»200  sec.  was  solved  by  the  both,  single- 
-scaie  and  double-scale  k-  t  models.  The  solution  of  the 
equations  was  accomplished  by  use  of  Patankar-Spaid ing 
(1972)  parabolic  numerical  scheme,  which  was  modified 
as  to  be  applicable  to  unsteady  situations. 


Frequency  and  amplitude  are  the  parameters  that 
characterize  the  unsteady  turbulent  flows  and  these  can 
be  varied  in  a  wide  range.  In  his  review  lecture 
L.W.  Carr  0981)  attempted  to  clasify  the  available 
experimentab  data  on  unsteady  boundary  layers  according 
to  these  two  variables  and  concluded  that,  although  low 
amplitude  or  low  frequency  does  not  necessarily  mean 
quasi  steady  behaviour,  there  is  a  small  range  of 
amplitude  and  frequency  for  which  no  unsteady  effects 
have  been  reported.  He  concluded  further  that,  provided 
the  frequency  remained  lower  than  the  critical  value 
(related  to  turbulent  bursts),  the  turbulent  structure 
remains  unaffected  by  oscilation  of  the  flow  field.  This 
argument  holds  if  one  considers  the  properties  averaged 
over  a  large  number  of  cycles  in  periodic  situations. 
However,  there  are  flows  of  practical  relevance,  such 
as  tidal  currents,  where  a  strong  influence  upon  the 
turbulence  mechanism  was  noticed  due  to  the  flow 
unsteadyness,  although  the  frequency  of  oscilation  was 
very  low  (Anwar  and  Atkins).  The  analysis  of  a  detailed 
behaviour  of  turbulence  properties  and  global  parameters 
over  a  single  cycle  seems  to  be  in  such  cases  of  a 
significant  theoretical  and  practical  importance. 


ax  as  o.x  toy/e 


Fig. 4  -  Turbulent  shear  stress  in  simulated  tidal  flout 
o  experiments,  —tingle  scale  stress  model,  - — 
single  scale  k-e  model, - two-scale  k-t  model 


Fig. 3.  shows  the  mean  velocity  variation  in  time 
for  Ta2Q0  sec.  together  with  the  normalised  turbulent 
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Fig.  3  -  Temporal  variation  of  velocity  and  Reynolds 
shear  stress 


Fig.  5  -  Turbulent  shear  stress  in  simulated  tidal  flow/ 
o-experi  men  ts,  —predictions 
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shear  stress  close  to  the  free  surface  (at  the  reference 
boundary  layer  edge,  y/6»1).  The  predicted  TiyOi  curve 
shows  a  good  qualitative  behaviour,  with  a  pronounced 
tine  lag  behind  the  mean  velocity,  it  should  be  pointed 
out  that  the  absoulute  values  of  ujuj  are  very  small 
and  a  discrepancy  between  the  predicted  and  experimental 
data  should  not  be  regarded  as  serious,  as  could  be  seen 
in  Fig.it,  where  detailed  distribution  of  u'^uj  is  given 
at  several  points  in  the  cycle. 

Fig.  k  shows  the  predictions  obtained  by  the  three 
mentioned  types  of  turbulence  model.  All  three  models 
yielded  the  results  in  acceptable  agreements  with 
experiments,  though  the  sing’j-scaie  stress  model  seems 
superior,  in  particular  during  the  deceleration  part  of 
the  cycle.  Even  better  agreement  was  achieved  in  ease 
with  T»  550  as  shown  in  Fig. 5. 

Fig. 6  shows  the  hysteresis  of  turbulent  shear 
stress  and  kinetic  energy  as  well  as  their  ratio  at 
three  different  flow  depths.  In  all  cases  shown,  the 
hysteresis  is  very  pronounced  what  may  have  a 
significant  practical  consequences  for  example  on 
transport  of  sediment  or  dispersion  of  pollutants  in 
natural  water  bodies.  The  hysteresis  of  u^u^/k  ratio, 
on  the  other  hand,  is  an  indication  of  the  departure  of 
turbulence  structure  from  the  local  equilibrium  and  is 
probably  the  cause  of  discrepancy  between  the  predic¬ 
tions  obtained  with  k-£and  stress  models.  Fig.  6  indi¬ 
cates  also  that  the  hysteresis,  though  qualitatively 
the  same,  has  different  intensity  at  different  depths, 
the  larger  values  occuring  in  the  outer  flow  region 
closer  to  the  water  surface. 
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We  consider  next  the  two  flows  markedly  different 
from  the  previous  one.  These  are  the  pulsating  flow  in  a 
channel,  investigated  by  Acharya  and  Reynolds  (1975) 
with  frequencies  of  2k  and  ko  Hz,  but  small  amplitude, 
and  the  oscillating  boundary  layer  in  zero  pressure 
gradient,  explored  by  Cousteix  et  al  (1977)  with  large 
amplitude  ( **  37%),  and  frequency  of  A3  Hz.  A  selection 
of  predicted  results,  compared  with  experimental  data 
is  given  in  figures  7  to  12.  Fig.  7  presents  the 
prediction  of  the  phase-averaged  velocity  profiles  at 
several  characteristic  time  instants  with  in  a  cycle  of 
Coustix  et  al.  flow.  The  obtained  results  are  in 
excellent  agreement  with  measurements.  The  predicted 
phase  hift  of  the  velocity  across  the  flow,  shown  in 
Fig.  8  may  also  be  regarded  as  satisfactory.  The  same 
could  be  concluded  for  the  boundary  layer  shape  factor 
which  is  shown  in  Fig.  9,  but  in  a  specific  way  as  to 
emphasize  its  hysteresis.  In  the  same  figure  the 
maximum-  and  the  wall  values  of  the  shear  stress  are 
presented,  exhibiting  also  a  visible  hysteresis.  The 
maximum  values  do  not  agree  well  with  the  experiments 
(the  authors  did  not  quote  the  wall  values),  what  is 
surprising,  considering  an  excelent  reproduction  of  the 
mean  velocity  profiles. 

Similar  shapes  of  hysteresis  were  exhibited  by  both 
shear  and  normal  stresses  in  the  experiment  of  Acharya 
and  Reynolds.  In  this  case  the  predictions  are  in  much 
closer  agreement  with  experiments  as  shown  in  Fig.  10 
for  three  different  posi tions  in  the  flow. 

Interesting  shapes  and  orientation  of  hysteresis 
curves  require  a  careful  analysis,  but  we  have  not  been 
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Fig.  7  -  Phase-averaged  velocity  profiles  at  different 
time  instants;  o-experiments  (Cousteix  et  al. 

( 1977) , —  predictions 
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Fig. 6  -  Hysteresis  of  turbulent  shear  stress  and  kinetic 
energy,  — predictions,  experiments t  o  accelera¬ 

tion,  e  deceleration  (Anwar  and  Atkins) 
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Fig. 3  -  Velocity  phase  Fig. 9  -  Shape  factor  and  wall 
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rig. 10  -  Hysteresis  of  turbulent  stresses  at  different 
flow  depts  in  pulsating  boundary  layer:  —  pre¬ 
dictions, —  experiments  (Acharya  and  Reynolds, 

able  as  yot  to  correlate  any  of  tne  characteristic 
parameters. 

Finnaly,  in  Fig.1  the  variation  across  the  flow 
of  the  amplitudes  and  phases  of  the  mean  velocity  and 
some  components  of  turbulent  stresses  is  presented.  The 
overal  agreement  with  the  experiments  can  be  regarded 
as  acceptable  though  some  improvement  would  be 
desirable.  At  present  we  were  not  able  to  explain  the 
excessive  discrepancy  of  5li  in  the  region  close  to 
the  wal I . 

CONCLUSIONS 

Three  different  types  of  periodic  unsteady  flows 
were  analysed  and  predicted:  The  flow  with  a  very  low 
frequency  and  large  amplitude,  the  second  one  with 
large  frequency  but  small  amplitude,  and  the  third 
type  with  large  values  of  both  parameters.  Attention 
was  concentrated  to  the  behaviour  of  ensemble-averaged 
turbulent  stresses  within  a  single  cycle  of  the  flow 
oscillation.  All  three  cases  showed  clearly  that  the 
turbulence  structure  lags  behind  the  mean  flow  field 
and  that  both  mean-flow-  and  turbulence  parameters  show 
visible  hysteresis.  This  feature  may  in  some  cases  have 
a  significant  effects  upon  the  global  effects  and 
transport  processas  within  the  flow. 

In  an  attempt  to  predict  all  three  considered  cases, 
single-scale  k- c  and  stress  model,  as  well  as  two-scaie 
k- 6  model  were  used.  The  closest  agreement  with 
experiments  was  achieved  by  means  of  the  stress- 
dissipation  model  with  some  modifications  that  also 
helped  earlier  to  improve  the  predictions  of  some  steady 
nonequilibrium  flows. 

It  is  believed  that  still  further  impovements  can 
be  achieved  with  two  scale  model  that  is  based  on 
separate  transport  equations  for  each  stress  component. 
This  model  is  still  in  the  stage  of  testing,  but  its 
application  to  a  family  of  homogeneous  flows,  as  shown 
in  Fig.  1,  seems  very  encouraging. 
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ABSTRACT 

Experimental  results  for  a  fully  developed 
periodic  turbulent  plpeflow  and  a  time-mean  zero 
pressure  gradient  periodic  turbulent  boundary  layer  are 
presented.  Both  of  them  are  characterized  by  large 
amplitude  and  frequency  of  oscillation.  Their 
similarities  and  differences  are  discussed. 

INTRODUCTION 

There  has  been  considerable  Interest,  In  recent 
years.  In  the  study  of  unsteady  turbulent  shear 
flows.  This  Is  because  of  their  many  practical 
applications  such  as  helicopter  rotor  blade  flows, 
turbomachlnery  blade  flows,  aircraft  flutter,  gusts  on 
structures  etc.  Some  fundamental  experimental  studies 
of  the  structure  of  turbulent  shear  flows  which  are 
subjected  to  an  externally  Imposed  deterministic 
unsteadiness  have  been  reported  In  the  past  few 
years.  These  Include  studies  of  fully  developed 
periodic  turbulent  flow  [e.g.,  Mlzushlna,  Maruyama  and 
Shlozakl  (1973),  Mlzushlma,  Maruyama  and  Hlrasawa 
(1975),  Klrmse  (1979),  Ramaprlan  and  Tu  (1980),  etc.,] 
and  studies  of  periodic  turbulent  boundary  layers 
[e.g.,  Coustelx,  Houdevllle  and  Oavelle  (1981),  Parlkh, 
Reynolds  and  Jayaraman  (1982),  etc.].  A  comprehensive 
review  of  the  state  of  the  art  In  this  field  was  made 
by  Carr  (1981)  and  hence  will  not  be  repeated  here. 
While  these  studies  have  provided  a  significant  amount 
of  Information  on  the  effect  of  Imposed  periodicity  on 
the  behavior  of  turbulent  shear  flows,  there  are  a 
large  number  of  areas  in  which  information  Is  either 
not  available  or  is  controversial.  This  Is 
particularly  true  for  flows  In  which  the  imposed 
periodicity  Is  at  a  frequency  large  enough  to  Interact 
with  a  dominant  frequency  of  the  turbulent  motlons-- 
such  as  the  "bursting"  frequency,  and/or  has  a  large 
amplitude.  There  Is  a  general  feeling  that  Imposed 
periodicity  has  no  effect  on  the  time-mean  properties 
of  the  flow.  However,  previous  work  by  the  present 
authors  on  plpeflow  (referred  earlier)  showed  that  the 
time-mean  velocity  distribution  In  a  pipe  shows  a  small 
but  measurable  effect  of  imposed  periodicity.  There  is 
no  general  concensus  on  the  quantitative  response  of 
wall  shear  stress  and  near-wall  flow  to  Imposed 
periodicity.  In  fact,  no  data  on  shear  stress  at  the 
wall  or  Reynolds  shear  stress  distribution  In  the 
unsteady  shear  flows  are  available  at  high  frequencies 
and  large  amplitudes  of  Imposed  oscillation. 

An  extensive  program  of  study  of  periodic 
turbulent  shear  flows  has  been  In  progress  at  Iowa 
during  the  last  several  years.  Under  this  program  a 
comprehensive  study  of  fully  developed  periodic 
turbulent  plpeflow  has  been  completed.  This  was 
followed  by  the  study  of  a  turbulent  boundary  layer  In 
a  periodically  modulated  freestream.  This  latter  study 


Is  being  performed  In  an  unsteady  flow  water  tunnel 
recently  built  at  Iowa  and  the  study  has  already 
yielded  a  large  volume  of  very  useful  data.  Both  the 
plpeflow  and  boundary  layer  studies  have  been/will  be 
described  in  detail  elsewhere.  The  present  paper 
contains  some  of  the  major  results  from  the  two 
studies.  The  experimental  results  are  used  to  study 
the  similarity  and  differences  In  the  response  of 
plpeflow  and  boundary  layer  flow  to  imposed  external 
periodicity.  The  main  features  that  distinguish  both 
the  present  studies  from  most  other  similar  studies  are 
the  combination  of  high  frequency  and  large  amplitude 
oscillation,  wall  shear  stress  measurements  in  the 
plpeflow  experiments  and  Reynolds  shear  stress 
measurements  In  the  boundary  layer  experiments.  The 
experiments  are  briefly  described  below. 

PIPEFLOH  EXPERIMENTS 
Experimental  Conditions 

These  experiments  were  performed  In  a  long 
circular  pipe  of  radius  (R)  2.5  cm  and  length  10  meters 
through  which  water  flow  was  maintained  at  a  cross- 
sectional,  time-average  velocity  (TT  )  of  about  1  m/s, 
corresponding  to  a  mean  Reynolds  number  of  about 
50,000.  This  Reynolds  number  was  modulated  by  varying 
the  discharge  through  the  pipe  sinusoidally  with  time 
using  a  rotating  sleeve  valve  at  the  pipe  exit.  The 
details  of  the  apparatus  and  experiment  are  described 
in  Ramaprlan  and  Tu  (1982).  Detailed  measurements 
Including  instantaneous  longitudinal  velocities,  U 
(using  frequency-shifted  LDA)  and  instantaneous  wall 
shear  stress,  t  (using  a  flush  mounted  hot  film  gage) 
were  obtained. 

The  Instantaneous  velocities  U  were  decomposed 
Into  time-mean  component  TJ,  periodic  component  Up  and 
random  component  u,  by  obtaining  ensemble  averages  over 
1000  cycles  of  oscillation.  The  first  series  of 
experiments  Included  measurements  of  steady  flow  at 
five  different  Reynolds  numbers  ranging  from  20,000  to 
80,000.  These  experiments  were  used  not  only  to  test 
the  experimental  procedures  but  also  as  the  basis  for 
obtaining  information  on  the  quasi -steady  flow  (l.e., 
flow  at  Infinitely  low  oclllatlon  frequency).  The 
quasi -steady  behavior  was  then  compared  with  the 
results  of  the  second  series  of  experiments,  in  which 
the  flow  was  oscillated  sinusoidally  around  a  mean 
Reynolds  number  of  50,000.  Two  oscillation  frequencies 
(f),  namely  0.5  Hz  and  3.6  Hz  were  studied.  The  higher 
frequency  is  of  the  order  of  the  estimated  mean 
bursting  frequency  in  the  flow.  The  lower  frequency 
can  be  considered  to  be  an  Intermediate  frequency  at 
which  the  flow  still  deviated  significantly  from  quasi - 
steady  behavior.  In  both  experiments  the  amplitude  of 
modulation  v  of  the  velocity  U_  was  large  enough 
(151  at  3.6unHz  and  641  at  0.5  Hz)  to  yield  new  and 
significant  results.  From  the  measurements  made. 


detailed  information  on  various  aspects  such  as 
velocity,  turbulence  intensity  and  Reynolds  shear 
stress  was  obtained,  the  last  quantity  being  determined 
from  the  momentum  equation. 

Results 

As  already  mentioned,  only  the  major  results  will 
be  discussed  in  this  paper. 

Time-Mean  Velocity  Profile.  The  time  mean  velocity 
distribution  across’"’ the  pipe  is  shown  for  the  two 
oscillation  frequencies  (fig.  1).  In  each  case  the 
results  are  compared  with  those  for  a  quasi -steady 
(zero-frequency)  flow  of  the  same  amplitude  y  .  It  is 
seen  that  at  the  higher  frequency,  there  is  a  small  but 
perceptible  decrease  in  the  velocity  near  the 
wall  (n  *  y/R  *  0)  which  is  more  clearly  seen  as  a 
correspond! ng  Increase  in  velocity  near  the  centerline 
as  required  by  global  continuity.  The  effect  on  the 
mean  velocity  at  the  lower  frequency  is,  however,  much 
smaller.  Unfortunately,  the  geometry  of  the  tube  did 
not  allow  measurements  to  be  made  at  closer  distances 
from  the  wall  than  shown  in  the  figure.  It  was  in  fact 
observed  that  the  time-mean  velocity  distribution  does 
not  follow  the  universal  logarithmic  law,  especially  at 
the  higher  frequency. 

Amplitude  and  Phase  Results.  The  phase  averaged  local 
velocity  at  any  point  y  away  from  the  wall  and  at  a 
phase  position  e  in  the  oscillation  cycle  can  be 
represented,  to  a  good  approximation,  by 

<u>  (y,e )  *TJ[1  +tu  cos  (e  +  *u)] 

Figure  2  shows  the  amplitude  ratio  [(f  TT)/(y  U  )]  and 
the  phase  angle  *  of  the  phase-averaged  velocity,  for 
the  two  oscillation  frequencies.  The  results,  in  each 
case,  are  compared  with  the  exact  solution  [from  Uchida 
(1956)]  for  fully  developed  periodic  laminar  flow  in 
the  same  pipe  at  the  same  frequency.  It  is  seen  that 
the  turbulent  and  laminar  flow  results  are  very 
different  from  each  other.  The  turbulent  flow  exhibits 
a  larger  overshoot  in  amplitude  and  a  very  much  larger 
"Stokes  layer"  within  which  unsteady  effects  are 
present.  More  striking  is  the  result  that  the  phase 
angle  ♦  does  not  seem  to  extrapolate  to  a  value  of 
more  tnan  about  +10  degrees  at  the  wall  In  the 
turbulent  flow  even  at  the  higher  frequency,  while  the 
laminar  solution  indicates  the  asymptotic  value  of  +45 
degrees. 

The  phase  lead  of  the  wall  shear  stress  was  also 
found  to  be  less  than  10  degrees  even  at  the  higher 
frequency  as  shown  by  the  filled  symbols  at  n  «  0  in 
Figure  2,  thereby  corraboratlng  the  LDA  results  for  the 
velocity. 

Ensemble  Averaged  Turbulence  Intensity.  The  ensemble 
averaged  rms  turbulence  intensity  u'  Is  defined 
as  u'(y,8  )  «  [CuS]1'  .  Figures  3  end  4  show 
distributions  of  u‘  across  the  pipe  at  a  few  typical 
phase  positions  inpthe  oscillation  cycle,  for  the  two 
oscillation  frequencies.  It  is  seen  that  at  the 
Intermediate  frequency,  the  ensemble  averaged  turbulent 
intensity  profiles  are  affected  across  the  entire 
pipe.  Crossovers  and  distortions  can  be  observed  in 
these  distributions.  The  Reynolds  shear  stress 
distributions  (not  shown  here)  were  also  found  to 
exhibit  qualitatively  the  same  trend  (except  In  the 
outer  region  during  a  part  of  the  cycle  )  indicating  an 
equilibrium  state  between  these  two  turbulent 
properties.  At  high  frequency  (figure  4),  the  ensemble 
averaged  turbulent  Intensity  remains  frozen  in  the 
outer  region.  The  ensemble  averaged  Reynolds  shear 
stress,  however,  was  found.  In  this  case,  to  vary 
slightly  with  U,,,  even  in  the  outer  region. 

Structural  Equilibrium  It  was  observed  that  at  both 
tn#  intermediate  an3”  high  frequency  of  oscl 1'atlon 
studied,  the  mean  flow,  the  turbulent  kinetic  energy 
and  the  Reynolds  shear  stress  were  mutally  out  of  pnase 
with  one  another.  Thus,  eddy  viscosity  type  models 
either  of  the  "gradient"  or  "bulk"  type  relating  the 


turbulent  transport  either  to  the  local  mean  flow  or 
turbulent  structure  at  an  Instant  (in  a  quasi -steady 
manner)  cannot  accurately  describe  such  flows.  This  is 
seen  in  figure  2,  where  the  predictions  of  the  unsteady 
flow  obtained  by  using  a  well-known  eddy  viscosity 
model  are  shown.  Details  of  this  calculation  method 
are  discussed  in  Ramaprlan  and  Tu  (1982).  The 
departure  of  the  flow  from  structural  equilibrium  is 
Illustrated  by  Figure  5  which  shows  the  behavior  ot  a 
characteristic  "structure  parameter"  a  *  [-  <uv>/u‘^] 
during  the  oscillation  cycle.  This  pparameter  should 
remain  constant  at  a  value  of  about  0.26  in  an 
equilibrium  flow.  The  variation  of  a„  in  the  periodic 
flow,  therefore,  demonstrates  the  breakdown  of  the 
structural  equilibrium,  partially  during  the  cycle  at 
Intermediate  frequency  and  completely  at  the  high 
frequency. 

BOUNDARY  LATER  EXPERIMENTS 

The  pipe  flow  experiments,  while  being  very 
extensive,  had  two  limitations.  These  are  (i)  the 
uncertainty  of  the  measurements  very  near  the  wall 
(caused  by  the  wall  curvature)  and  (ii)  the  lack  of 
direct  measurements  of  the  ensemble-averaged  Reynolds 
shear  stress  <uv>.  These  limitations  have  been  removed 
in  the  complimentary  experiments  on  a  periodic  boundary 
layer  on  a  flat  plate  currently  under  progress.  A  two- 
component  LDA  system  is  being  used  in  these  experiments 
so  that  u',  v'  and  <uv>  can  be  measured  directly.  A 
large  andpunfque  unsteady  flow  water  tunnel  has  been 
built  for  this  study.  The  tunnel  is  designed  such  that 
the  freestream  velocity  at  the  test  section  can  be 
varied  with  time  in  a  prescribed  manner.  Fig.  6  shows 
a  layout  of  the  tunnel.  The  tunnel  works  under  a 
constant  head  of  about  8  meters.  The  test  section  is 
50  cm  x  22.5  cm  in  cross  section  and  2.4  m  in  length. 
A  smooth  brass  plate  50  cm  wide  x  2.4  m  long  forming 
the  bottom  wall  of  the  test  section  is  used  as  the  test 
surface  for  the  boundary  layer  studies.  The  tunnel  has 
presently  been  set  up  for  a  freestream  velocity 
variation  given  by 

U.  ■  U.  [1  +  yu  cos  (2* ft)] 

with  «  0.90  m/s  y  •  0.4  and  f  *  2  Hz.  (The 

bursting  frequency  in  the  boundary  layer  is  estimated 
to  be  about  4  Hz).  The  amplitude  and  frequency  of 
oscillation  can  be  varied.  It  may  be  noted  that, 
because  of  the  wide  separation  between  the  oscillation 
frequency  and  the  acoustic  frequency  in  this  hydraulic 
system,  the  amplitude  and  phase  of  the  freestream 
velocity  variation  is  constant  along  the  test 
section.  The  description  of  the  tunnel  and  a  complete 
documentation  of  the  flow  quality  in  the  tunnel  will  be 
available  from  a  forthcoming  report.  Instantaneous 
velocities  have  been  measured  at  5  longitudinal 
locations  ranging  from  ( 2w f x/TT^ )  .8  -  27,  with  x 

measured  from  the  contraction  exit.  The  data  have  been 
processed  to  yield  mean,  periodic  and  turbulent 
properties  of  the  flow  including  Reynolds  shear  stress 
and  some  triple  correlations.  All  the  raw  as  well  as 
processed  data  are  on  digital  tape.  Experiments  at  a 
lower  oscillation  frequency  of  0.5  Hz  will  soon  begin. 

Only,  the  data  relevant  for  comparison  with  the 
“high-frequency"  plpeflow  results  will  be  presented  in 
this  paper.  Further,  only  data  from  the  last  measuring 
station,  corresponding  to  (2*f x/TT,)  will  be  used  in 
these  comparisons. 

Results 

Time -Mean  Velocity  Profile.  Figure  7  shows  the  time- 
mean  velocity  distributions  in  the  periodic  boundary 
layer  (f  *  2  Hz),  quasi-steady  boundary  layer  (f  *  0) 
at  the  same  amplitude  and  steady  boundary  layer  for  a 
freestream  velocity  of  IT  .  The  quasi -steady  and  steady 
flow  show  negligible  difference  between  each  other 
suggesting  that  nonlinear  (Reynolds  number)  effects  are 
not  Important  in  this  case.  The  unsteady  flow  results, 
however,  "icate  a  definite,  though  small  reduction  in 
the  time  ean  velocity  near  the  wall,  compared  to  the 
quasi-steady  flow.  This  result,  thus  confirms  the 
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pipeflow  results.  The  apparent  increase  in  the  time- 
mean  velocity  in  the  outer  part  of  pi  pet1  low  is  simply  a 
consequence  of  normalizing  the  velocities  by  the  time- 
mean  cross-sectional  average  velocity  TJ  ,  rather  than 
by  the  time-mean  centerline  velocity  Umax. 

Phase  and  Amplitude  Results.  The  phase  a  and 
amplitude  (y  )  distributions  oT  the  local  ensemble 
averaged  verocity  <U>  are  shown  in  figure  8.  The 
distributions  are  very  similar,  even  quantitatively,  to 
those  for  pipeflow.  The  maximum  phase  shift  measured 
near  the  wall  is  still  of  the  order  of  10  degrees  and 
the  amplitude  overshoot  near  the  wall  is  less  than 
10%.  The  boundary  layer  thickness  6  at  this  station 
was  about  4  cm,  corresponding  to  y/d  (in  figure  8)  • 
0.4.  The  nondimensional  "Stokes  layer"  thickness 
(about  0.25s )  in  the  boundary  layer  can  be  seen  to  be 
comparable  to  that  In  the  pipeflow.  The  flow  beyond 
the  Stokes  layer  behaves  slug-like  in  both  cases. 

Ensemble  Averaged  Turbulent  Stresses  u'  and  <uv>. 
ngures  9  and  llf  snow  tne  distributions  of  p<u ' ~>  (y,ej 
and  <uv>  (y,e)  for  a  few  tyical  phase  positions  in  the 
oscillation  cycle.  The  distributions  <u‘*>  are  in 
complete  agreement  with  the  pipeflow  resurts  at  the 
higher  oscillation  frequency.  The  Intensity  remains 
frozen  during  the  oscillation  cycle  in  the  outer  75  per 
cent  of  the  boundary  layer.  A  similar  freeze  in  the 
outer  layer  is  observed  in  the  case  of  <uv>  also.  This 
last  result  is  in  some  disagreement  with  the  pipeflow 
results  at  3.6  Hz  which  indicated  a  slight  modulation 
in  <uv>  even  In  the  outer  region. 

Structure  parameter.  Similar  differences  between  the 
pipe  and  boundary  layer  results  can  be  observed  In  the 
behavior  of  the  structure  parameter  a-  shown  in  figure 
11.  It  Is  seen  that  very  near  the  wan  the  two  results 
are  very  similar.  The  turbulent  structure  shows 
departure  from  equilibrium.  However,  beyond 

about  0.2s,  the  turbulent  structure  in  the  boundary 
layer  seems  to  be  in  a  state  of  frozen  equilibrium,  in 
contrast  with  the  pipeflow  in  which  there  is  a  complete 
breakdown  of  structural  equilibrium  in  the  outer 
flow.  This  difference  in  behavior  might  be  ascribed  to 
the  difference  between  the  structure  of  the  outer  flow 
in  the  boundary  layer  and  that  in  fully  developed 

pipeflow.  The  outer  flow  in  the  pipe  is  still 

controlled  by  the  wall  via  global  momentum  and 
continuity  constraints  whereas  the  outer  flow  in  the 
boundary  layer  is  not.  The  boundary  layer  data  are  now 
being  analyzed  In  grater  detail  to  obtain  a  better 
understanding  of  the  response  of  the  different  regions 
of  the  flow  to  imposed  Insteadiness. 

CONCLUSIONS 

(1)  The  experimental  data  on  both  pipeflows  and 

boundary  layers  indicate  that  externally  imposed 

periodicity  produces  a  small  but  detectable  effect  on 
the  time-mean  velocity  at  high  frequency  and  large 
amplitude  of  oscillation. 

(2)  Stokes  layer  thickness,  as  well  as  phase  and 

amplitude  of  the  velocity  variation  are  very  similar  in 

both  the  flows,  with  the  phase  angle  near  the  wall 

being  of  the  order  of  +10  degrees.  Thus,  the  response 
of  periodic  turbulent  shear  flows  is  very  different 
from  that  of  periodic  laminar  shear  flows. 

(3)  Turbulence  structure  very  near  the  wall  Is 
disturbed  from  equilibrium  in  both  the  flows  at  high 
frequencies.  The  outer  layer  of  the  boundary  layer 
flow  is  in  a  state  of  frozen  equilibrium  while  that  in 
the  pipeflow  appears  to  be  still  disturbed  from 
equilibrium  either  partially  (at  moderate  frequencies) 
or  completely  (at  high  frequencies)  during  the 
oscillation  cycle. 
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Figure  1.  Time-mean  velocity  profiles  in  unsteady  and 
quasi -steady  pipeflow  at  Re  *  50,000.  0,  f  »  3.6  Hz, 

151,  a,  f  •  0.5  Hz,  v  •  64%;  - ,  quasi¬ 
flow,  v  •  15%;  - ,  quasi -steady  flow,  y  • 

The  velocity  profile  in  steady  flow  at  the  same 
time-mean  Reynolds  number  is  Indlstinguishible  from  the 
dashed  line. 
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Figure  2.  Amplitude  and  phase  of  the  ensemble  averaged  velocity  in  pipeflow  (a)  amplitude  (b)  phase.  0,  3.6 

Hz;  a,  0.5  Hz;  Filled  symbols  represent  wall  shear  stress  data:  •,  3.6  Hz;  a,  0.5  Hz;  - ,  laminar  theory  (Uchida 

1956);  — - ,  numerical  calculations  using  a  typical  edtiy  viscosity  model  (from  Ramaprian  and  Tu,  1982). 


Figure  3.  Ensemble  averaged  longitudinal  turbulent 
intensity  in  pipeflow  at  f  *  0.5  Hz.  Decelerating 
period.  — — ,  time-mean  distribution,  u'. 


Figure  4.  Ensemble  averaged  longitudinal  turbulent 
intensity  In  pipeflow  at  f  *  3.6  Hz.  (a)  declerating 
period  (b)  accelerating  period.  ,  time-mean 
distribution,  u1. 
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Figure  5.  Phasewlse  distribution  of  the  structure 
paraewter  ap  in  plpeflow. 


Figure  7.  Time-mean  velocity  profiles  in  unsteady  and 
quasi -steady  boundary  layer  flow,  0,  unsteady  flow; 

_ ,  quasi-steady  flow;  +,  steady  flow  at  the  time- 

mean  freestream  velocity. 
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Figure  6.  Lay-out  of  the  periodic  flow  water  tunnel. 
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Figure  8.  Amplitude  and  phase  of  the  ensemble  averaged  Figure  9.  Ensemble  averaged  longitudinal  turbulent 
velocity  in  boundary  layer  flow.  (a)  amplitude  (b)  intensity  in  boundary  layer  flow.  (a)  decelerating 
phase.  period  (b)  accelerating  period. 


Figure  10.  Ensemble  averaged  Reynolds  shear  stress  in 
boundary  layer  flow.  (a)  decelerating  period  (b) 
accelerating  period.  Symbols  as  in  Fig.  9. 


Figure  11.  Phasewise  distribution  of  the  structure 
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ABSTRACT 

A  second  order  closure  scheme  is  proposed  for  cur- 
bulenc  transport  in  swirling  flows.  Specifically,  a 
scheaie  is  constructed  according  to  the  same  principles 
chat  led  to  the  successful  description  of  buoyancy-driv¬ 
en  curbulenc  flows  (Zeman,  1975;  Zeman  &  Lumley,  1976a, 
b,  c;  Lumley  ec  al  1978).  In  che  narrow  gap  approxima¬ 
tion  the  scheme  takes  on  a  particularly  simple  form, 
which  can  be  rationalized  by  a  simple  physical  model. 

INTRODUCTION 

By  swirling  flows,  we  mean  flows  in  which  Che  mean 
streamlines  are  locally  helical  (which  have  a  non-negli- 
gible  component  of  azimuthal  velocity).  We  consider 
here  only  flows  which  are  axisymmetric,  and  we  exclude 
from  consideration  here  flows  which  are  recirculating, 
chat  is,  we  consider  only  flows  in  which  the  mean  axial 
velocity  is  everywhere  positive. 

Flows  of  this  type-  occur  frequently  in  nature  and 
technology.  The  flow  in  a  tornado  is  of  this  type,  as 
is  chat  in  an  aircraft  trailing  vortex.  Flow  in  a  gas 
turbine  combustor  is  generally  recirculating  and  not 
axisymmetric;  hence,  our  considerations  will  not  be 
directly  applicable  to  this  flow.  We  hope,  however, 
that  a  successful  parameterization  of  swirl  under  these 
simplified  conditions  will  lead  to  an  understanding  of 
the  more  complex  flow. 

Swirling  flows  present  a  challenge  to  the  modeler 
due  to  the  influence  on  radial  turbulent  transport  of 
the  radial  distribution  of  azimuthal  velocity.  This  is 
weakly  analogous  to  the  effect  of  density  stratification 
in  a  flow  with  gravity.  That  is,  a  small-disturbance 
stability  analysis  of  a  layer  of  fluid  heated  from  below 
(Pellew  &  Southwell,  1940)  and  of  isothermal  circular 
Couette  flow  (Taylor,  1923)  leads  to  the  same  equation, 
where  the  radial  distribution  of  angular  momentisz  in  the 
Couette  flow  plays  che  role  of  the  vertical  distribution 
of  densicy  in  che  heeced  flow. 

The  analogy  is  not  strict,  however,  since  the  mech¬ 
anisms  differ.  In  che  heated  flow,  a  parcel  of  fluid 
displaced  upward  (in  che  limit  of  no  molecular  trans¬ 
port)  carries  with  it  its  (potential)  temperature 
(Lumley  6  Panofsky,  1964),  and  hence  experiences  a  den¬ 
sicy  anomaly  at  its  new  height,  if  Che  local  (potential) 
temperature  is  different.  In  the  case  of  swirl,  a  par¬ 
cel  displaced  radially  approximately  conserves  its  angu¬ 
lar  momentum;  whether  it  will  return  or  concinue  depends 
on  che  radial  pressure  gradient  it  needs  for  equilibrium 
compared  to  chat  at  its  new  location.  The  essential 
difference  is  the  necessary  presence  of  an  azimuthal 
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fluctuation  in  the  case  of  swirl,  so  that  a  Reynolds 
stress  is  induced  in  che  azimuthal  plane.  In  the  heated 
flow  case,  no  horizontal  fluctuation  is  necessarily 
associated  with  a  vertical  fluctuation,  in  che  absence 
of  wind  shear.  Hence,  in  the  swirl  case  we  will  have 
strong  coupling  between  the  radial  and  azimuthal  compon¬ 
ents  of  all  fluxes. 

We  do  anticipate  chat  a  radial  distribution  of 
angular  momentum  increasing  outward  will  have  a  stabil¬ 
izing  influence,  and  will  suppress  radial  transport  and 
reduce  the  rate  of  spread  of  a  scalar  marker,  while  a 
radial  distribution  of  angular  momencum  decreasing  out¬ 
ward  will  have  a  destabilizing  influence,  and  will  aug- 
menc  radial  transport,  and  increase  the  rate  of  spread 
of  a  scalar  marker.  This  is  borne  out  by  experiment 
(Eskinazi  &  Yeh,  1956;  Wyngaard,  1968).  Ue  can  also 
construct  a  simple  example  to  illustrate  this.  If  we 
consider  motion  confined  to  planes  perpendicaulr  to  the 
axis,  and  neglect  viscosity  and  non-linear  and  unsteady 
terms,  and  assume  chat  fluid  displaced  radially  con¬ 
serves  angular  momentum,  we  can  write  for  che  radial 
displacement  E  of  a  material  point 

E  -  -2(V/r)(V'+V/r) E  (1.1) 

where  V(r)  is  the  azimuthal  velocity.  Thus,  if  V'  +  V/r 
>  0  (radial  gradient  of  angular  momentum  positive)  the 
displacement  is  stable.  The  induced  azimuthal  velocity 
fluctuation  is 

v  -  -( V' +V/r) E  (1.2) 

so  that,  if  V'*V/r  £  0,  a  point  displaced  outward  will 
be  moving  slower  than  its  surroundings.  Following  now 
the  same  procedure  as  was  usedflin  J.umley  et  al  (1978), 
we  imagine  a  velocity  field  u  ,  v"  which  evolves  from 
C“0  without  the  influence  of  rotation,  so  chat  we  may 
write  to  first  order 

u  -  u°  -  2(V/r)(V,*V/r)^dT|dT,u°(T')  (1.3) 
Hence,  to  first  order  we  have 

7*  •  T^U-ACV/rHV'+V/rJST2]  (1.4) 

(squaring  and  averaging  (1.3)),  where  T  is  a  Lagrangian 
integral  time  scale  for  the  field  undisturbed  by  rota¬ 
tion.  We  see  chat,  if  V'+V/r  >  0,  v2  is  indeed  reduced 
below  the  value  for  a  field  without  rotation.  We  may 
also  obcain  another  form  which  will  be  useful  for  later 
comparisons.  Since,  to  first  order 

v  ■  v^-(V'+V/r)  Ju^dT  (1.5) 
0 


we  may  write 


uv  »  -(V1  *V/r)  dTuu2  (1.6) 

if  we  take  Che  u°,  v°  field  as  having  no  Reynolds 
stress.  Hence,  ve  may  vrice  (1.4)  as 

u2  ■  u02[l*48(V/r)Tuv/cu02l  (1.7) 

This  form  should  be  compared  wich  a  similar  form  from 
Lumley  ec  al  (197S)  for  che  vercical  velocicy: 


v2  «  v02(l*8g9vT/9ow02]  (1.8) 

vhere  g  is  che  acceleration  of  gravity,  and  9  and  9q  che 
fluctuating  and  mean  pocencial  cemperacure  respective¬ 
ly.  In  che  case  of  an  atmospheric  inversion  9v  becomes 
negative,  effectively  cutting  off  vercical  transport; 
here  ve  may  expect  uv  co  become  negative  in  a  region  of 
positive  V'+V/r,  also  cutcing  off  radial  transport. 

While  it  is  cempcing  co  cry  to  parameterize  svirl 
directly  in  a  k-e  model  (Jones  &  Launder,  1973)  using 
forma  such  as  (1.4)  and  (1.6),  ve  vill  give  our  atten¬ 
tion  here  to  che  development  of  a  more  complete  Reynolds 
stress  model  similar  to  that  developped  by  Zeman  (1975), 
Zeman  &  Lumley  (1976a,  b,  c)  and  Lumley  et  al  (1978). 
From  the  experience  gained  from  this  model,  ve  may  hope 
to  be  in  a  better  position  co  develop  a  simple  param¬ 
eterization. 

In  modeling  of  swirling  flows,  there  are  more  prob¬ 
lems  chan  che  parameterization  of  turbulent  transport. 
In  particular,  Che  equation  for  the  dissipation,  or 
equivalently  for  a  length  scale,  has  not  been  satisfact¬ 
orily  extended  to  axisynsaecric  non-swirling  flows;  a  be¬ 
ginning  has  been  made  on  its  extension  to  swirling  flows 
(Launder  et  al,  1977),  but  it  is  expected  that  bringing 
this  effort  co  a  satisfactory  conclusion  will  be  non¬ 
trivial.  However,  we  will  not  treat  this  difficult 
problem  here.  Recent  experimental  evidence  (Ramaprian  & 
Shivaprasad,  1981)  indicates  that  it  is  che  differences 
in  che  turbulent  transport  that  are  largely  responsible 
for  che  observed  differences  in  structure  in  turbulent 
boundary  layers;  hence,  by  attacking  the  transport  first 
we  feel  we  are  according  appropriate  priorities. 

MATHEMATICAL  PRELIMINARIES 

We  will  work  in  cylindrical  coordinates.  If  x  , 
xz,  x3  is  a  Cartesian  system,  ve  define  che  cylindrical 
system  x  ,  x  ,  x  by 

1  .  -1  -2 
X  *  X  cosx 


x  "  x  sinx 


We  use  the  notation  of  Lumley  (1970),  appendix  2.  The 
transformation  macrices  are  given  by 


-2 

cosx 

_1  .  -2 
-x  sinx 

0 

-2 

cosx 

.  -2 
sinx 

0 

.  -2 
sinx 

-1  -2 

X  cosx 

0 

j 

-sinx2 /x2 

-2—1 
cosx  nr 

0 

0 

0 

1 

0 

0 

1 

2  2 

The  .nly  non-zero  Chriscoffel  symbols  are  r12  "  r21  * 

l/lc  ,  "22  *  -x  .  The.  metric  tensor  is  diagonal,  with 
111  »  $33  *  1,  $22  “(x  ).  Rather  than  attempting  to 
obtain  equations  for  the  fluctuating  velocities,  and  to 
form  from  them  equations  for  the  Reynolds  stress  and 
higher  moments,  ve  vill  write  the  equations  for  che 
moments  directly  in  general  censor  form  and  specialize 
them  for  our  particular  case. 

Note  chat  ve  will  use  che  co-  and  contravariant 
velocities  obtained  from  the  Cartesian  velocities  by 


formal  transformation,  so  that 

u2  •  Xkj  •  X^/g 


u2  -  X2u.  -  Vg/x1  .g2^ 

vhere  Vg  is  the  physical  azimuthal  velocity.  Hence, 
neither  u2  nor  U2  is  physically  a  velocicy;  u2  is  an 
angular  velocity,  and  uj  an  angular  momentum.  These  are 
mathematically  the  most  convenient  coordinates;  however, 
for  comparison  with  experiment  it  is  necessary  co  change 
to  physical  velocities.  Only  the  azimuthal  component 
need  be  changed  (since  gn  ■  $33  ■  1);  for  the  physical 
component  ve  have 


u2(g22)1/2  *  “2(T22)1/2  •  V 


To  simplify  che  notation,  vhere  no  confusion  can 
arise,  we  vill  omit  the  bars. 

THE  "RAPID"  PRESSURE  TERMS 

Working  in  Cartesian  coordinates  for  the  moment,  ve 
may  split  the  pressure  inco  two  components  in  a  well- 
known  way  (Lumley,  1978): 

( 1 )  ,  ( 2 )  .  , ,  ,  . 
-p  ../p»2U.  .u.  -p  .  .  /  p  •  u .  .u.  .  (3.1) 

,11  K  i,J  j,i*  ,11  i,j  J,i 

vhere  p(  D  is  referred  to  as  che  linear  or  "rapid” 
part  of  the  pressure,  while  p(^)  is  che  return-to- 
isocropy  part. 

In  Lumley  (1978)  it  was  shown  that,  in  the  equation 
for  the  third  moment,  the  conveccion  and  production 
terms,  and  the  "rapid”  pressure  correlation  terms,  were 
of  smaller  order  than  the  other  terms,  and  could  be  neg¬ 
lected.  Here,  however,  ve  vill  have  to  retain  these 
terms  when  they  are  sultiplied  by  che  svirl  component, 
since  we  are  presuming  that  to  be  the  dominant  effect. 
Thus,  ve  vill  need  a  form  for  the  "rapid" 
pressure  correlations. 

We  can  write  (still  in  Cartesian  coordinates) 


-pJuu/p“2U.  .Jp.  x.e/x2dx  (3.2) 

,1  rs  i,j'  jn  1  1  — 


Jp.  d  x  •  u  .u  u 
jrs  -  J  r  s 


If  ve  vrice 


I . ,  .  *  Jp.  k.  k,  /  x2dx  , ,  ,  , 

iljrs  ;  jrs  1  1  —  (3.4) 

then  Ij.ijT,  muse  satisfy  the  following  conditions: 

I.,.  “  I,  .  .  ;  I.  .  .  *  u .  u  u  ; 

iljrs  Iljrs  mrs  j  r  s 

(3.5) 

I  •  0;  I  -I 

illrs  iljrs  iljsr 

If  ve  cake  a  general  linear  form  for  Iii;rs  in  terms 
of  UjuTu(,  ve  find  that  che  conditions  are 
sufficient  to  determine  all  the  coefficients,  giving 

I.,.  •  (2/5)6. ,  u  ,u  u  -  ( 1/10)(  6.  .  u ,  u  u  *  6  .u  .u  u  ) 

iljrs  ll  j  r  s  ij  1  r  s  lj  1  r  s 

(3.6) 

This  is  che  same  form  which  produces  the  pressure  crans- 


VVV'. 


pore  expression 

■f(V,tijkij,,V5  (3-7) 

(Lumley,  1978)  which  has  been  so  successful  (Janicka  & 
Lumley,  1981a,  b;  Taulbee  &  Lumley,  1981). 

The  full  pO)  correlacion  in  Che  equation  for 
uiujuk  consists  of  expression  (3.2)  plus  the  two 
permutations.  On  the  left  side  of  the  equations  we  have 
the  cents  (still  in  Cartesian  coordinates) 


Q.  u  u.u, 
i,l  1  j  k 


U.  , u,  u.u, 
J,1  1  l  k 


(3.8) 


When  these  are  combined  with  the  rapid  pressure  cents 
obtained  from  (3.2)  by  use  of  (3.6),  we  find  that  they 
combine  to  give 


(2/5)S.,u  u.u,  ♦  ( 2/ 5 )  S  . ,  u.  u.  u  ♦  (2/ 5 )  S  ,u,u.u.  (3.9) 

illjk  jllik  kllij 

where  Sjj  is  che  strain  race,  (1/2)(U£> j+Uj ( i) . 

Note  that  the  expression  resulting  from  Che  combi¬ 
nation  of  (3.2)  and  (3.6)  satisfies  realizsbilicy  in  Che 
sense  thac  they  vanish  when  the  velocity  components  in 
question  vanish. 

Hence,  the  net  effecc  of  the  "rapid"  pressure  is  to 
remove  che  contribution  of  che  vorticity  to  che  produc¬ 
tion,  and  to  reduce  che  contribution  of  the  strain  rate 
co  the  production. 

THE  VISCOUS  TERMS 

Appearing  in  each  equation  for  a  third  moment,  we 
have  a  viscous  term.  For  exaiople,  in  che  equation  for 
uiUjuk  (now  in  general  coordinates)  we  have  a  term 
of  che  form 

-(2/3)CJ/q2)(gikq2Uj  ♦  g^q2^  ♦  Sjic''2'^) 

(see  Lumley,  1978).  In  a  simple  situation  in  which  the 
equations  are  not  cross-coupled  (no  buoyancy, no  rota¬ 
tion)  it  is  straight-forward  co  calculate  qu^  from 
the  equation  for  u{ujuk  and  substitute  it. 

Here,  however,  the  equations  are  strongly  cross- 
coupled,  and  che  complexity  introduced  by  these  viscous 
terms  is  formidable.  We  propose  a  simplification  which 
will  retain  some  of  the  physics. 

In  che  viscous  terms  only,  in  cylindrical  coordi¬ 
nates,  we  propose  to  write 

q^^/S  *  u  3u  iu^  ■  u2U2Uk  *  u^uju^  (A. 2) 

so  chat,  for  example,  che  viscous  terms  in  che  equation 
for  ujui,  can  be  replaced  in  the  following  way: 


-(2/3)("?/q  2)g33q2u  i  ■  -2Ce/q  2)g  3  3g  33u23u  i 


•  -2(T/q2)u23ul  U,3) 

The  term  is  now  of  che  same  form  at  che  return  to  iso¬ 
tropy  term  (Lumley,  1978),  and  can  be  combined  with  it, 
che  net  reaulc  being  a  change  in  the  value  of  the  time 
scale.  We  are  saying,  effectively,  chat 


■nr.  -  (1/q2)u2u.  (4.4) 

u  i  "  at 

where  cM  is  the  ^component  of  che  dissipation.  This 
it  surely  somewhat  in  error,  because  the  dissipation 
should  be  more  nearly  isotropic  than  the  velocity  at 
large  Reynolds  numbers.  The  error,  however,  should  be 
smell  relative  co  the  errors  introduced  by  our  other  ap¬ 
proximations,  and  che  simplification  is  considerable. 


Equation  (4.4)  is  not  as  serious  an  approximation  as 
wricing  "EJ'j  «  u^uj  (see  Corrsin,  1972),  since  we 
are  dealing  here  only  with  the  diagonal  components. 

THE  EQUATIONS  FOR  THE  MECHANICAL  THIRD  MOMENTS 

We  follow  che  approach  outlined  in  Lumley  (1978). 
There,  however,  we  showed  chat  the  convection  and  pro¬ 
duction  terms  were  of  higher  order  relative  to  the  term 
retained,  and  could  be  neglected.  Here,  we  suppose  chac 
at  least  some  of  the  mean  velocities  and  their  gradients 
are  large  enough  to  keep  the  convection  and  production 
terms;  in  particular,  we  expect  the  azimuthal  (physical) 
velocity  co  be  large,  and  the  radius  small,  so  that 


(V9/r)Uc/u) 


0(1) 


(5.1) 


even  as  tj/r  *  0,  where  is  a  turbulent  length 

scale,  defined,  say,  by  t  >  u3/^,  3u2  »  q  ,  and  l  is 
a  scale  characteristic  of  cross-scream  gradients  of 
axial  velocity. 


3V  /  3r  «  I  AV  ll 

z  I  z  I  max 


(5.2) 


|V  I  i 

Lcl  fcW  1 


is  che  maximum  difference  in  V  ,  the  ax- 
yT."  Reasoning  in  this  way,  we  wili  keep  all 


(where 
ial  veloc 

convection  and  production  terms  involving  the  azimuthal 
velocities,  and  neglect  the  rest.  The  order  of  magni¬ 
tude  analysis  of  Lumley  (1978)  can  be  carried  over 
exactly,  otherwise,  since  we  may  work  in  Cartesian 
coordinates  and  transform  to  generalized  coordinates 
afterward. 

In  general  coordinates,  then,  the  equation  for 
uiu;uk  becomes  (incorporating  the  results  of  sec¬ 
tion  3) 

(uTu.u.)  Up  ♦  (2/5)SPu  uTu  ♦  (2/5)sPu“u7u, 

ijk,p  lpjk  jpik 


5,  u  u.u.  ♦  lu.u.)  u’u,  +  lu.u.1  _  . 
k  p  i  j  i  j  ,p  Tc  iT:  ,p  J 

+  (uyT^^uV  -  -3C  ,(~/q2)u.UjUk 

♦  f2/q2)(C1-2)(gi.q2uk  *  8ik9  2Uj  +  g^kq2u.)/3 


(5.3) 


where,  for  simplicity  of  notation  in  chis  section  and 
below  we  are  suppressing  Che  overbars  which  would  other¬ 
wise  indicate  that  these  velocities  are  written  in  a 
general  non-Cartesian  coordinate  system.  We  will,  of 
course,  apply  also  the  results  of  seccion  4  to  the  last 
term  when  we  write  (5.3)  in  component  form. 

The  only  velocicy  we  retain  is  Che  azimuthal,  U2; 

hence 


lu .u  .u,  )  Up  *  (u.u  .u,  )  ,U2 
i  3  k  ,p  i  3  k  ,2 


■  (-f?,u  u.u,  )-r?,u.u  u, -if, u. u.u  )U2 

i2pjk  j2ipk  k2ijp 


(5.4) 


since  3/Jx2  of  all  quantities  is  taken  to  be  zero  by 
axisymmetry . 

The  mean  velocity  gradients  we  retain  are 

U1  2  “  _U2/7i  U2  1  *  *U2/Srl  ”  “2^  <5.5) 

so  chat  the  non-zero  components  of  the  strain  race  are 

s •  s 2 1  *  (i/2)  au2/ as r1  -  u2 r*  (5.6) 
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s-  ,  •  ” 


.■»  - 
'  .  -  4-!  4 
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.  *;;%/>' 
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t9at 


If  for  siaplicicy  we  write 


and  wa  may  wrice  the  solution  in  earns  of  8jj: 


3C{VqZ  •  1/T,  A  -  r2^2  “  t2/5)S21 

C*/q2)(Cr2>  ’  K/T,  B  -  (2/5)S  l2  -  T^U2  (5.7) 
(1-3K)/T  •  1/T",  (1-K)/T  ■  1/T' 

then  our  equation  can  be  written  at 


-3AU2U  i  ♦  3(u  j)  pU  ui  *  -u  i/T* '  (5.8) 


-2Auiu22  *  ♦  (u^;)  ^uPU2 


♦  2(uiu2)  pU  \i\  *  -u*iuk.-r 


u7! 

3(u 2[)  puPu1 

“1“2 

■  1 

(u  2|  )  U^U)  ♦  2(uiU7)  U  111 
.p  1  1  ,p  1 

p  .  p 

^2 

2(u}U2)  pU  U2  ♦  (u 4 2 )  pu  U1 

“"’2 

3(u22)  u^U2 

L  »P 

We  may  now  collect  the  terns  and  write  in  matrix  form 

I  I 


2  3  2  P 

2Bu  jU2  •  Au  2  *  (u  3)  pU  U1 


♦  2(uju2)  pu^u2  *  iu  ^2^' 


-Au2U23  ♦  2(uiU3)  pUPu$  ♦  (u  3)  puPUj  »-uju  3/1'  (5.11) 


3Buiu22  *  3(u22^  pu^u2  *  (5.12) 


Bu  iui3  ♦  2(u2«3)  pU  U3  ♦  (u^J)  uj  •  -U2u23/T'  (5.13) 


3  B^u^u  8i2uPu2  2  $i2u^u  l+^  ®1  3u^u2  81 3^Pu  j+3  Sj  4u^U2 
3  621uPu  l4'022u^u2  2  022UPu  1*2  023^Pu  2  023UPu  i+3  $2uu^u  2 

3  03ju^u  i+032UPU2  2  032uPu  \*2  033UPu  2  8330^  1*63,^112 

Lrii  I 


-Au  *2U3  *  3  ♦  (u^U2)  u^u  3  ♦  (ujuj)  u^U2 

» P  » P 


♦  (U2U3)  u  ui  *  -uiu2“3/T 
»P 


-2Au^U2U3  ♦  (u^)  u  U3  ♦  2(u^U3)  *  -u^ju  3/1* 

» P  1 P 


The  fourth  component  can  also  be  written  in  this  form: 
u  *2  *  (u2i>  l304iUPuj  ♦  0i»2UPU2i 


2Bu|U2U3  ♦  (u2^  a  113  ♦  2(u2U3)  u  U2  *  -u*2u  3/^* 

» p  » p 

(5. 16) 

These  equations  nay  be  separated  into  non-interacting 
groups.  For  example,  (5.11)  and  (5.13)  ere  dependent 
only  on  each  ocher;  (5.14),  (5.15)  and  (5.16)  also  form 
an  autonomous  group;  and  (5.8),  (5.9),  (5.10),  (5.12) 
are  also  mutually  dependent. 

Let  us  take  the  largest  group  first.  If  we  define 

0  -  1  +  3ABT’T",  Q'  ■  1  +  3ABT'T"  ♦  4ABT'2  (5.17) 

then  we  may  define  a  matrix 


„ 

a'+Q(a-i!) 

(5.18) 

o'rvar' 

3AT" 

uh'r'/a 

6a3t.T"  i/a 

-BT” 

1 

2AT’/a 

lkh'vua 

nh'V'ia 

-2BT'/a 

1 

AT' 

nh'V'i* 

-2BT'/Q 

1 

AT' 

-6g*T,T,2/a 

nh'T'/a 

-3BT" 

n'T"/ni' 

♦  (u  ;u 2)  p[2  8i(2u*,ui  ♦  2 84 30*^2 


♦  (u22)  plBijju^ui  +  SSaau^ug]  (5.21) 

We  see  the  appearance  here  of  the  same  matrix  form 
found  by  Zeman  (1975),  Zeman  6  Lumley,  1976a,  b,  c; 
Lumley  et  al  (1978),  and  the  coefficients  are  of  the 
general  type  (1.7). 

The  group  of  three  equations  may  be  attacked  in  a 
similar  way.  If  we  define  a  matrix 

1+2ABTT'  2AT  ZA^TT' 

,  -T' 

-  _  -BT  T/T'  AT  (5.22) 

ij  1+4ABTT 

-2BT  1+2ABTT' 


■ 


chan  Che  aolucion  may  be  vriccen  as 


“1  u  3 

U1U2U3 

— r 

“2  “3 


(ui2)  ♦  2(uiu3>  pU^uj 


(u7T2)  pu*>u3  +  (U3U3)  pU^u2  ♦  (u2U3)  pU^ui 


(u22)  ^11^113  +  2(u2U3)  pU^u2 


(5.23 


Mow,  however,  when  we  expand,  we  cannot  direccly  wrice 
che  resulc  in  Che  form  (5.20)  due  Co  che  presence  of 
such  terms  as  uPu3. 

1c  is  cempcing  Co  suppose  chac  U3  is  produced  from 
che  nean  3-velocicy  gradienc  by  che  ui  fluctuation,  and 
chac  Che  u2  fiuccuacions  are  principally  due  Co  angular 
momencuB  conservacion  under  1-excursions.  This  is  a 
kind  of  mixing  lengch  assumpcion,  leading  Co  uj*u[*u 2. 
Then  we  can  wrice 


P  — r  -  P 

u  u  3U  3  •  u  ju  3U  U] 


UU3U2SU2U3UU2  (5.24) 

u  '{u  2  uPu2  •  (l/2)luiU3UPu2  ♦  u2U3uPuil 


This,  however,  is  noc  quite  what  we  need.  He  need  che 
darivacives  (u32)>puPu3  etc.  If  we  accesq>c  to  write 


(ui  ) 


(u  303) 


(5.25) 


even  assuming  chac  the  coefficients  of  proporcionalicy 
are  not  functions  of  position,  we  find  chat  (5.25)  fails 
due  co  the  different  groups  of  Chriscoffel  symbols  on 
che  cwo  sides. 

The  only  way  the  issue  can  be  simply  rasolved  is  co 
assume  chac  t/r  <  1,  where  2  is  che  scale  of  che  radial 
gradient  of  che  Reynolds  stress.  This  assumption  amounts 
Co  either  very  chin  shear  layers  relative  co  Che  radius, 
or  co  large  radius;  essentially  this  is  che  small  gap 
approximation  familiar  in  stability  analyses  of  circular 
Couette  flow. 

This  is  noc  inconaiscenc  with  our  previous  assump¬ 
tions,  which  were  simply  chat  Vg/r  is  of  che  same 
order  aa  u J  i.  If  1/r  <  1  and  1^/r  <  1,  but  Vg/r  * 
u/tt,  chan  Vg/u  -  (r/t)(t/t{)  »»  1.  Hence,  we 
must  have  very  large  valocicias  relaciva  co  curbulenc 
intensities. 


If  we  make  che  narrow  gap  assumpcion,  Chen  for  cur- 
bulene  quantities  the  only  important  covariant  deriva¬ 
tive  is  radial,  and  chac  is  essentially  given  by  che 
ordinary  radial  derivative. 

Now  we  can  wrice 


(uj2)  jU*U3  ■  (U1U3)  ju'ui 

(5.26) 

(u 22)  ,uV  *  (ujuj)  ,U^U2 

(111U2)  ,u^3  •  (1/2)[(u}U3)  iU*U2  *  (U2U3)  .u^u^J 
» 1  *  A  » * 

Hich  che  approximation  (5.26),  we  can  write 


ui  u3 

uTu2U3 

36'  3  ju  *u  3+(  3/2)  B32u  *u  2  (3/2)  8'  32u  ^u  3+3  63  3U  2 
36'  23U  ^u  3+( 3/2)  6'  22u  *u2  (3/2)  6'  22u  *u  3+3  6*  23u  2 


(u  3U  3) 


.1 


(u  2u  3) 


,1 


(5.27) 


and  Che  third  component  also  can  be  written  in  this 
form: 


u22U3*  (U3U3)  .  [3  6' 33U  lu  3*(  3/2)  6' 32u '03) 


(5.28) 

+  (u^g)  .  [  (3/2)  S'  32u  ‘u  3*38’  33U  ‘u2] 

»  A 

Finally,  we  may  solve  che  group  of  cwo,  defining 
1  ♦AT' I 


-T' 


ij  1+ABT 
and 


71 


-BT'  1 


(5.29) 


-  _ 

U3U32 

(u  3  2)  uPU3  ♦  2(TT3U3)  uPu  3 

1  P  »  P 

«2U32 

"  I2 

- T  “  -  “ 

(uj4)  pU  u2  +  2(U2U3)  pU  UJ 

(5.30) 


To  place  this  in  Che  same  form  as  (5.20)  and  (5.27),  we 
must  make  che  narrow  gap  assumption,  discard  (  )>2, 

and  assume 


(u3U3)  u‘u3  •  (u32)  ,ulU3 
»  1  »  * 


(5.31) 


(u2uj)tlu‘u3  -  (u32)>1u1u2 
which  can  be  justified  in  the  same  way.  Then 


ulu32  *  (u  3*)  j[3B2nului  ♦  3  8^i2ulu2^ 


U2U32'  (u32)  ,[30221u1u1  *  3«222ulu2) 
»  * 


A-  < 


(5.32) 


DISCUSSION 

Now,  of  course,  this  formalism  muse  be  applied  to 
che  calculation  of  well  documented  swirling  flows.  It 
is  necessary  first,  of  course,  Co  model  homogeneous 
swirling  flows,  like  chat  of  Traugoct  (1958)  and  of 
Wigeland  4  Nagib  (1978),  to  calibrate  the  ocher  aspects 
of  the  model  (notably  the  dissipation  equation)  which  we 
have  ignored  here. 

Ue  should  then  attempt  modeling  of  such  swirling 
flows  as  che  swirling  jet  of  Rose  (1962),  the  curved 
channel  flow  of  Eskinazi  &  Yeh  (1936),  che  curved  mixing 
layer  of  Uyngaard  et  al  (1968)  and  perhaps  even  the 
rotacing  channel  flow  of  Lezius  &  Johnston  (1972)  (see 
also  Schetz,  1980).  In  all  of  these,  (but  particularly 
che  spinning  jet),  new  modeling  of  the  dissipation  equa¬ 
tion  will  doubtless  be  necessary. 

It  is  interesting  chat  che  primary  effect  of  swirl 
is  noc  through  the  pressure  terms,  as  one  slight  have  ex¬ 
pected.  From  section  3  we  see  that  che  effect  of  the 
pressure  terms  is  to  cancel  the  effect  of  rotation  (at 
least  as  far  as  the  mean  velocity  gradients  are  concern¬ 
ed)  so  thac  under  solid  body  rotation  (Sjj  *  0)  the 
terms  in  che  mean  velocity  gradients  contribute 
nothing.  Rather,  the  effect  of  rotation  comes  about  en¬ 
tirely  through  the  rocacion  of  che  coordinate  system,  an 
essentially  geometrical  effect  (felt  through  the  convec¬ 
tive  derivative).  Of  course,  ic  is  felt  indirectly 
through  che  modification  of  the  value  of  uiu  2,  which 
will  come  about  through  the  second  sioment  equations,  and 
which  appears  in  the  diffusion  coefficient  in  che  third 
mosient  equations  due  to  the  rotation  of  the  frame. 
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ABSTRACT 

The  reduction  of  the  energy  transfer  in  an  initially 
isotropic  turbulence,  submitted  to  a  solid-body  rotation, 
is  brought  into  evidence  with  the  help  of  direct  simu¬ 
lation.  Direct  simulations  and  large-eddy  simulations 
are  then  used  to  validate  an  EDQNM  model  which  describes 
the  evolution  of  the  energy  transfer  in  presence  of  ro- 
tatiot  This  EDQNM  model  is  then  used  to  develop  new 
one-point  closures,  which  account  for  rotation  effects. 

1  -  INTRODUCTION 

Both  experiments  and  direct  simulations  on  quasi¬ 
isotropic,  homogeneous  turbulence  submitted  to  solid- 
body  rotation  have  shown  that  rotation  alters  the  rate 
of  decay  of  turbulence. 

However,  no  effect  of  rotation  is  taken  into  account 
in  the  standard  one-point  closures.  This  may  be  important 
not  only  in  rotating  cases  (e.g  turbomachinery)  but  also 
for  shear  flows  as  shear  can  be  decomposed  as  strain  plus 
rotation. 

A  cascade  of  turbulence  models  will  be  developed 
to  study  the  effects  of  rotation  on  turbulence  :  direct 
simulations  and  large  eddy  simulations  will  help  us  to 
validate  an  EDQNM  closure.  This  EDQNM  model  will  lead  us 
to  a  new  transport  equation  for  the  kinetic  energy  dissi¬ 
pation  rate  which  will  be  checked  by  comparison  with  ex¬ 
periment  for  both  rotation  and  shear  cases. 

2  -  ANALYSIS  OF  ROTATION  EFFECTS 

FOURIER  transforms  are  very  suitable  for  studying 
homogeneous  flows.  The  pressure  term  in  the  NA”IEF.  equa¬ 
tion  it  discarded  by  solving  a  POISSON  equation.  For  in¬ 
compressible  homogeneous  rotating  turbulence,  Che  equa¬ 
tions  then  read  : 

^  Ui(k)  -  0 

(•^r  ♦  vk2)  u^(k)  ♦  j  Ajjj(k)  J 'i j(£)  u^Ck  -  £)  d3j> 

♦  2  Cjpq  “p  "q^  *  ° 

with  A.  .(k)  '  Sy  -  Aij4(k)  •  klijt(k)  ♦  k.Au(k) 

where  k,  £,  £  are  wave  vectors,  u.  the  components  of  the 
FOURIER  transformed  velocity  field  and  e. the  alternat¬ 
ing  tensor. 

Equations  for  the  cumulanta  can  be  deduced  from  this 
tat  of  equations. 

•  The  second,  third  and  fourth-order  cumulantt  are 

defined  as  : 

*oa(-)  ’  <ua(k)  V'  k)> 

Taey<k*£>  *  <»a(k)  us(£)  uy(-  k  -  £)> 

"  <ua<k>  ug(£>  “7<1>  k  -  n  -  £)> 


with  It  (I  -  £,  ill1'!,  P  d  -  q. 

The  equations  for  the  second  and  third-order  cumu- 
lants  read  :  r 

*  2^>  V*>  *  -  7  JKoV  W  k-  £> 

+  W  2>]  d’E  -  2  ejpq  «p  [*aj (k)  SSq(-  k) 

+  V  *>  Saq(i)3 


[■— 

‘•Bt 

♦  V(k2  ♦  p2  ♦  q2)]  Ta6Y(k, 

£> 

■ 

i 

-  2_ 

/[A«W(i>  QBY0O(£>^  -  * 

ABpa^  ^aypa 

(k,  £,  £) 

*  \po(a)  *W(-’  £•  i>1 

-  i 

[Aapo(*>  W*>  +  A 

Bpo 

(£) 

Vs> 

*  \D0(a)  Vk)  SSa(£>J  -  2  E 

jpq 

“P 

V*’  B> 

+  Taqy(— ’  *  V*5  W*  ^ 

with  £  »  -  (k  ♦  £) 

For  an  isotropic  turbulence,  we  have  : 

Sag(k)  •  Aap(k)  •  Then,  the  CORIOLIS  term  vanishes 

in  the  second-order  cumulant  equation.  Even  for  anisotro¬ 
pic  turbulence,  the  CORIOLIS  term  does  not  appear  in  the 
equation  for  the  energy  spectrum  : 

E(k)  -  i  f  S  (k)  d3k 
i  i.i  ,  eta  —  — 

|k|  -k 

However,  third-order  cumulant  are  affected  by  rota¬ 
tion.  The  CORIOLIS  term  "orientates"  the  third-order  cu- 
mulant.  At  the  third-order  cumulant  appears  in  the  equa¬ 
tion  for  the  second-order  cumulant,  the  turbulence  does 
not  remain  isotrop  c  and  evolves  towards  an  axisymmetric 
state.  The  "ori*'  stlon"  of  the  third-order  cumulants 
also  modifies  i  .  energy  transfer. 

This  analysis  is  not  at  variance  with  the  results 
of  BARDINA  (1962)  :  in  direct  simulations  of  initially 
isotropic  turbulence  submitted  to  rotation,  he  pointed  out 
a  differant  influence  of  rotation  whether  the  rotation 
was  applied  at  the  beginning  of  the  computation  or  after 
several  time  steps.  At  the  beginning  of  his  direct  simu¬ 
lation,  the  velocity  field  is  gaussian,  i.e.  third-order 
cumulants  are  xero,  so  the  rotation  cannot  act  immedia¬ 
tely.  After  several  tine  steps,  third-order  cumulants  are 
built  up  and  rotation  acts. 

3  -  EDQNM  MODEL  FOR  ROTATING  TURBULENCE 

The  above  set  of  equations  for  the  cumulants  is  open 
and  an  infinite  hierarchy  can  be  so  derived.  For  isotropic 
turbulence  without  rotation,  this  set  of  equations  is 
solved  with  the  EDQNM  model  (ORSZAG  (1970))  (ANDRE  - 
LESIEUR  (1973)). 


The  velocity  fluctuation*  exhibit  e  nearly  gauiaian 
behaviour.  If  they  were  strictly  gaussian,  third  and 
fourth-order  cumulants  should  be  zero.  Quasi  Normal  ap¬ 
proximation  consists  of  assuming  that  third-order  cumu- 
lants,  which  are  responsible  for  energy  transfer,  are 
non  zero,  but  fourth-order  cumulants  are  zero.  The  third- 
order  cumulant  equation  can  then  be  solved  analytically. 
However,  the  damping  of  third-order  cumulant  is  only  due 
to  viscous  term  v(k2  +  p2  +  q2)  I  .  (k,  £)  so  that  the 
third-order  cumulants  increase  irrailTstically.  The  damp¬ 
ing  term  is  modified  by  introducing  an  Eddy  Damping 
which  accounts  for  fourth-order  cumulant,  so  that  the 
damping  becomes  :  [y(k)  +  y(p)  ♦  V(q)|]  ?-,av(k.  £) 
with  u(k)  -  n(k)  ♦  vk2  “BT  ~ 

n(k)  •  X  (  p2  E(p)  dp)l/2 

Markovanisation  is  used  when  solving  the  third-order  cu¬ 
mulant  equation  to  ensure  realizability.  Finally,  for 
isotropic  turbulence,  the  EDQNM  model  gives  the  evolution 
of  the  energy  spectrins  as  : 

(-^  ♦  2vk2)  E(k)  -  T  (k)  - 

JJ  r— ~7  u  b(k,£,<L)(E(k)E(p)-E(o)E(q))  dJ£  dJa 

k“£f£  Mp  uq 

where  b(k,£,a)  is  a  function  of  the  shape  of  the  triangle 
made  by  The  wave  vectors  k,  £,  £. 

With  rotation,  the  solution  of  the  third-order  cumu¬ 
lant  equation  is  siuch  more  intricate  (CAMBON  (1982  b)> 
and  out  of  purpose.  The  complete  solution  of  an  EDQNM 
model  muat  deal  with  SqSOc)  as  the  rotation  will  promote 
favourite  directions  and  the  turbulence  will  not  remain 
isotropic  but  will  become  axisyemetric.  An  approximate 
solution  has  been  proposed  by  CAMBON  (1982  a)  :  the  iso¬ 
tropic  EDQNM  model  presented  above  is  used  as  a  model  for 
the  evolution  of  the  energy  spectrum  while  the  damping 
term  it  modified  co  take  into  account  the  mean  rotation 


*  Zj  p2  £<p)  dp  * 2  u2T/2 


Such  a  model  gives  a  reduction  of  energy  transfer 
in  the  presence  of  rotation  but  gives  no  information 
about  che  anisotropisation  of  turbulence.  In  the  follow¬ 
ing,  EDQNM  computations  will  stand  for  the  resolution  of 
the  evolution  equation  for  the  energy  spectrum  using  che 
EDQNM  formulation  for  che  energy  transfer  with  Che  above 
modified  damping. 

4  -  VALIDATION  OF  THE  EDQNM  MODEL 

4. a  -  Direct  simulations 

One  of  che  most  reliable  method  co  study  the  effects 
of  rotation  on  an  initially  homogeneous  isotropic  tur¬ 
bulence  is  to  solve  directly  the  continuity  and  NAVIES 
aquations,  without  modelling.  Such  a  direct  simulation 
is  only  feasible  at  very  low  Reynolds  numbers.  Direct 
simulations  were  performed  with  a  32  x  32  x  32  points 
grid,  the  NAVIES  equations  being  solved  in  terms  of 
FOURIER  components  of  the  velocity  field  with  periodic 
boundary  conditions  in  all  three  space  directions.  Ini¬ 
tial  data  were  similar  to  the  ones  used  by  ORSZAG  and 
PATTERSON  in  their  numerical  experiment,  i.e.  a 
k*  exp(-  k2)  initial  energy  spectrum  corresponding  to 
initial  Reynolds  number  : 

Rt  a  ^~‘2m  80,  R^  •  92,i>1/'2A  a  as  f\  ravine  - 


4 . b  -  Large  eddy  simulations 

Direct  simulations  are  not  feasible  at  large  Reynolds 
numbers,  due  to  computers  limitations.  So,  in  large  eddy 
simulations,  only  che  large  eddies  are  computed  by  solv¬ 
ing  the  NAVIER  equations  while  the  small  eddies  have  to 
be  modelled.  The  "large  eddy"  NAVIES  equation  reads,  in 
physical  space  for  the  sake  of  clarity  : 

±  — (x)  *  _L  —(x)  -  -  i  +  V 

3t  “i1*2  3^  UiUe  —  0  STT-  v 


-  2  e.  w  u  (x) 

ipq  p  q  - 


where  u- 
veloeity 


1  u^(x)  -  f  f(x  -  x’)  u.(x')  d3x'  is  the  filtered 
:ity  field  relative  to  thT  large  eddy. 

As  u^(x)  »  uT(x)  +  u!(x),  the  non-linear  term  reads  : 


uiVi> 


u.  (x)  u  (x)  ♦  R.  (x) 

1  —  e  —  le  — 


R.  (x)  -  u.  (x)  u'(x)  +  u!(x)  u  (x)  ♦  u!(x)  u'(x) 
ie  —  1—  e  —  1—  e  —  i  —  e  — 

A  subgrid-scale  model  is  needed  to  take  into  account  the 
subgrid-scale  stress  R.  which  is  responsible  for  the 
energy  exchanges  between  small  and  large  eddies. 

Two  kinds  of  subgrid-scale  models  were  used.  The 
simplest  one  (SCSI)  consists  of  a  constant  eddy  viscosity 
model  derived  from  the  EDQNM  model.  The  model  developed 
by  AUPOIX  and  COUSTEIX  (1982)  for  isotropic  turbulence 
has  been  extended  to  the  rotation  case  by  using  the 
CAMBON's  EDQNM  model.  Let  us  remind  that  this  model  ex¬ 
presses  the  eddy  viscosity  in  term  of  the  small  eddies  : 

R.  .(x)  -if..  R. .  (x)  -  2  v  S. .(x) 


I  (Su^x)  3uj(x)  \ 

I  It  “  / 


(<d  1  /2q  ’ 2 1 


R,  -  •  80,  Rx  •  XLLf-B-I - 1  .  35  (X  i*  TAYLOR  micro¬ 

scale).  The  computation  was  performed  over  seven  eddy- 
turnover  time*  for  various  rotation  rates.  The  energy 
spectra  at  the  final  time  arc  plotted  on  figure  1.  At  the 
rotation  rat*  increases,  the  peak  of  the  energy  spectrum 
increases,  i.e.  the  energy  is  "trapped"  in  the  large 
scale*  as  the  energy  transfer  from  the  large  eddies  to 
the  small  ones  decreases  in  the  presence  of  rotation.  The 
agreement  between  the  direct  simulations  and  the  EDQNM 
computation  is  very  good  for  all  rotation  rates  ;  the 
EDQNM  model  is  then  assumed  to  give  a  good  representation 
of  the  effect  of  rotation  on  energy  transfer  for  small 
Reynold*  numbers. 


where  K0  is  the  KOLMOGOROV  constant  (K„*  1.4),  1(2  q’ 2 
Che  kinetic  energy  of  the  subgrid  scales  and  e  the  kine¬ 
tic  energy  dissipation  rate. 

A  more  elaborate  subgrid-scale  model  (SGS2)  is  ob¬ 
tained  by  performing  an  EDQNM  computation  of  the  evolu¬ 
tion  of  the  small  scale  coupled  with  the  large  eddy  simu¬ 
lation.  The  evaluation  of  the  energy  spectrum  in  che 
small  scales  enables  us  co  calculate  the  detailed  energy 
transfers  between  large  and  small  eddies.  This  technique, 
presented  by  CHOLLET  (1983)  for  isotropic  turbulence  has 
been  extended  co  rotating  turbulence  by  using  che 
CAMBON's  EDQNM  model. 

Computations  were  performed  using  the  experimental 
COMTE-BELLOT  and  CORRSIN's  spectrum  as  initial  data. 
Reynolds  numbers  are  Re  *  3  200  and  R^  =  75.  The  decrease 
in  turbulence  was  studied  over  the  experimental  time,  i.e. 
roughly  thirteen  eddy  tumover-cimes  for  various  rotation 
rates.  The  energy  spectra  at  che  final  time  are  plotted 
on  figure  2.  The  agreement  between  the  large  eddy  simu¬ 
lations  and  che  EDQNM  model  is  still  very  good.  In  che 
large  eddy  simulations,  the  energy  cransfer  between  large 
and  small  eddies  is  computed  with  a  subgrid  scale  model 
consistent  with  the  EDONM  model  but  the  energy  cransfer 
among  large  eddies,  which  is  at  least  of  the  same  order 
of  magnitude  for  the  selected  rotation  rates,  is  directly 
computed  by  solving  che  NAVIER  equations.  So  the  EDQNM 
model  seems  co  be  still  able  to  represent  the  reduction 
of  energy  cransfer  due  to  rotation  for  higher  Reynolds 
numbers. 

5  -  APPLICATION  TO  ONE-POINT  CLOSURES 

Without  rotation,  isotropic  turbulence  decays  at 
high  Reynolds  numbers  in  a  self-similar  way,  i.e.  che 
energy  spectrum  has  always  the  same  shape.  This  can  be 
seen  from  EDQNM  computations  of  decaying  isotropic  tur¬ 
bulence  (LESIEUR  -  SCHERTZER  (1978)). 

With  the  following  schematic  shape  for  the  energy 
spectrum  (W.C.  REYNOLDS  (1975))  : 
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th«  decay  law  for  the  kinetic  energy  reads  : 


2(«*1) 

s*3 


So  the  kinetic  energy  evolution  is  ruled  by  the  following 
equations  which  fora  the  simplest  (1/2  q2,  e)  model  : 


* 

A  e  *  • 


•  -  e 
3s  ♦  5 


I77-TTT  tttt  -  -  c.  <•> 


where  the  only  adjustable  coefficient  only  depends  upon 
the  exponent  of  the  energy  spectrum  in  the  very  large 
eddies. 


Uith  rotation,  no  experiment  gives  us  any  informa¬ 
tion  about  the  evolution  of  the  energy  spectrum.  EDQNM 
computations  have  been  performed  for  various  initial 
Reynolds  numbers  ranging  up  to  Re  =  18  000  =  520 

and  variouR  exponents  of  the  energy  spectrum  tn  the  very 
large  eddies.  As  the  energy  is  "trapped"  in  the  large 
eddies  due  to  transfer  reduction,  no  self-similar  be¬ 
haviour  can  be  observed.  The  reduction  of  energy  transfer 
due  to  the  rotation  leads  to  an  increase  in  the  rate  of 
decay  of  the  energy  dissipation  rate  and,  therefore,  the 
rate  of  decay  of  energy  decreases. 


From  the  EDQNM  computation,  the  normalized  dissipa- 
x  _  1/2  -2 


tion  rate  evolution  :  C  “  *  ^  -  C  (s)  has  been 

£  E4  at  £2 

calculated.  In  figure  3,  it  is  platted  versus  the  norma¬ 
lized  rotation  rate  u>*  •  — i_  which  is  the  inverse 

of  a  ROSSBY  number.  When  the  turbulence  is  set  into  ro¬ 
tation  with  a  small  initial  normalized  rotation  (w*  <  1 
at  the  beginning  of  rotation),  the  equilibrium  curve 
shown  on  figure  3  is  rapidly  reached  for  a  large  range 
of  Reynolds  numbers  (Re  >  500,  R^  >  75). 

The  (1/2  q2,  e)  model  now  reads,  to  take  rotation 
effects  into  account  : 

d  1/2  q2 


dt 


||  -  -  (c  *  ceW)) 

The  coefficient  C£*(w*),  deduced  fruit  EDQNM  simula¬ 
tions,  is  quite  different  from  the  models  previously 
proposed  by  HANJALIC  and  LAUNDER  (1980)  and  BARDINA 
(1982).  BARDINA  proposed  a  linear  relation 
C  *(<■■*)  *  0,15  w*  based  upon  a  large  eddy  simulation  of 
afi  experiment  of  WIGELAND  and  NAGIB  while  HANJALIC  et  al . 
proposed  a  quadratic  form  C  *(u*)  »  0.27  u*2  fitted  for 
round-jet  calculations.  E 


This  new  e-equation  has  also  been  used  for  calculat¬ 
ing  homogeneous  turbulence  submitted  to  shear  or  strain. 
Uith  energy  production,  the  standard  form  of  the 
e-equation  reads  : 


DC  -  Pe 
Dt  *  Ce ,  T7FV 


-  c 


7T 


where  P  *  -  u.u.  is  the  turbulent  kinetic  energy 

1  j 

production.  C£^  has  been  modified  to  take  rotation  into 

account  as  CC2(s)  *  C£*(o*)  and  a  standard  value  s  •  2 
has  been  selected.  C  was  chosen  such  as  to  verify  the 
constraint  :  1 

ce,  "  *  Ce  Tsfn  *  £%<*>  +  ce*<“*>l 


X  -  0.41  a,  •  0.15  C£  *  0.069 

imposed  in  the  logarithmic  region  of  a  boundary  layer. 

A  variable  C  ,  i.e.  verifying  this  relation  whatever 
w*  (»  ■  l/2a.  in1  a  logarithmic  region),  has  been 
chosen  to  remain  consistent  for  strain  calculation.  An 
optimised  formulation  Ce|(u*)  should  be  better. 


The  Reynolds  stress  transport  equation  model  used  was 
that  of  LAUNDER,  REECE  and  R0DI  (1975).  No  modification 
of  the  pressure-strain  term  was  introduced  to  take  ro¬ 
tation  effects  into  account,  while  the  initial  anisotro- 
pisation  of  isotropic  turbulence  submitted  to  rotation 
is  due  to  third-order  cumulant  and  will  appear  in  the 
non-linear  part  of  the  pressure-strain  term. 

6  -  COMPARISON  WITH  EXPERIMENTS 
6. a  -  Rotation 

The  experiments  of  WIGELAND  and  NAGIB  on  rotating 
wind  tunnel  turbulence  are  the  most  extensive  and  docu¬ 
mented  at  the  present  time.  Several  test  cases  have  been 
selected  from  their  figures,  with  particular  interest 
for  the  higher  total  rotation  (u.t)  cases. 

For  each  grid  and  mean  velocity,  the  no-rotation 
case  was  used  to  adjust  the  exponent  s  of  the  spectrum 
shape  for  very  large  eddies.  When  rotation  is  imposed, 
the  HANJALIC  et  al.  model  has  been  discarded  as  it 
gives  a  too  strong  decay  of  the  energy  dissipation  rate 
leading  to  a  negative  dissipation  rate.  Figure  4  shows 
some  comparisons  between  WIGELAND  and  NAGIB  experiments 
and  the  (1/2  q2,  e)  models.  Both  BARDINA's  model  and 
the  present  model  improve  the  prediction  of  the  decay 
of  the  kinetic  energy  by  taking  rotation  into  account. 
However,  as  the  normalized  rotation  u>*  usually  remains 
smaller  than  4  in  these  test  cases  and  only  reaches  7.5 
at  the  end  of  the  PG2  case,  the  difference  between  the 
two  laws  for  C  *  is  small,  so  that  the  two  models  give 
similar  result!. 

These  results  are  extremely  good  when  we  look  at 
the  Reynolds  number  range  of  the  experiments  (Re  10, 

R^  “v  10  ).  This  can  be  explained  as  follows  :  the  coef¬ 
ficient  was  fitted  to  the  no-rotation  case,  taking  into 
account  a  part  of  the  low  Reynolds  number  effects  while 
figure  3  shows  that  the  C£*(u>*)  law  is  fairly  sensitive 
to  Reynolds  number. 

6.b  -  Shear 

Two  test  cases  were  used,  i.e.  the  experiments  of 
CHAMPAGNE  et  al.  (1970)and  HARRIS  et  al.  (1977).  The 
initial  data  are  taken  from  the  1980-81  AFOSR-HTTM 
STANFORD  Conference.  Figure  5  shows  the  evolution  of 
1/2  q2  and  -  uv.The  present  model  improves  the  calcula¬ 
tion  for  both  low  and  high  shears,  while  BARDINA's  gets 
some  trouble.  However,  these  results  are  not  definitive 
as  the  C£  term  has  to  be  revised  as  the  pressure-strain 
term  to  1  take  rotation  effects  into  account. 

7  -  CONCLUSION 

Direct  simulations  and  large  eddy  simulations  have 
been  used  to  validate  an  EDQNM  model  predicting  the  ener¬ 
gy  transfer  diminution  due  to  rotation.  This  EDQNM  model 
gave  a  new  transport  equation  for  the  energy  dissipation 
rate.  This  new  equation  gives  results  in  good  agreement 
with  experiment  for  rotating  homogeneous  turbulence  and 
for  shear  homogeneous  turbulence. 

However,  rotation  does  not  directly  act  upon  the 
dissipation,  but  upon  the  energy  transfer.  A  new  multi¬ 
scale  model  is  now  developed  to  take  rotation  effects 
into  account  at  the  energy  transfer  level.  Attention 
has  to  be  paid  to  the  influence  of  rotation  on  the 
pressure-strain  term. 
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Figure  1 

Comparison  between  direct 
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Figure  2 

Comparison  between  large  eddy  simula¬ 
tions  and  EDQNM  computation  of  rotating 
turbulence 

♦  large  eddy  simulation 
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tion 
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Figure  3 

Modification  of  the  t  transport 
equation 

x  o  +  EDQNM  computations 

□  very  low  Reynolds  number  EDQNM 

computations 

A  present  model 

B  BARDINA  model 

HL  HANJALIC  and  LAUNDER  model 


Figure  A 

Comparison  of  the  one-point  closures  -  WIGELAND 
and  NAGIB  experiment 
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ABSTRACT 


A  two-point  statistical  closure  -the  Eddy  Damped 
Quasi  Normal  Markovianized  (E.D.Q.N.M.)-approximation  is 
used  to  modal  subgrid  scales  (SGS)  in  a  large  eddy  simu¬ 
lation  (L.E.S.)  of  three-dimensional  homogeneous  turbu¬ 
lence.  First,  eddy  viscosity  and  diffusivity  are  derived 
from  the  hypothesis  of  a  k-5/3  energy  spectrum  to  parame¬ 
trize  the  small  scale  velocity  and  passive  scalar  fields . 
Then  the  distribution  of  energy  among  the  small  scales 
is  taken  into  account  completely.  Finally  the  numerical 
simulation  of  large  eddies  is  assessed  from  the  stand¬ 
point  of  Predictability  studies. 

1.  INTRODUCTION  AND  EQUATIONS 


The  velocity  field  of  a  three-dimensional  high 
Reynolds  number  flow  cannot  be  computed  over  the  whole 
range  of  scales  of  interest,  even  when  using  the  most 
powerful  computers  currently  available.  Therefore,  the 
velocity  field  is  computed  explicitly  in  the  large  scales 
only,  taking  account  of  the  small  scales  statistically, 
in  order  to  at  least  ensure  some  dissipation  of  energy. 

We  have  to  couple  a  large  eddy  simulation  (L.E.S.)  -nume¬ 
rical  solution  of  the  equations  of  the  flow  field-  to  a 
statistical  model  of  small  scales.  The  two-point  closures 
are  able  to  represent  in  a  statistical  sense  the  distri¬ 
bution  of  energy  among  the  various  scales  and  the  inter¬ 
actions  between  the  large  scales  (completely  calculated 
through  the  L.E.S.)  and  the  small  scales  (S.G.S.,  modeled 
statistically) .  We  use  the  eddy  damped  quasi-normal 
Markovianized  (E.D.Q.N.M.)  approximation,  extensively 
described  with  references  to  satisfactory  comparisons 
with  numerical  results  and  experiments,  in  Larcheveque  et 
al.  (1980)  and  Barring  et  al.  (1982).  For  the  purpose  of 
tractable  EDQNM  computations,  we  have  to  assume  homoge¬ 
neity  and  isotropy. 

We  focus  our  attention  on  the  free- decay  turbulence 
whose  small-scale  energy  evolves  in  time  ;  in  stationary 
flows  some  empirical  modeling  can  be  adjusted  (as  illus¬ 
trated  by  Siggia  and  Patterson,  1978) ,  even  if  it  takes 
some  computing  time  and  lacks  strong  theoretical  justifi¬ 
cation.  In  most  of  our  calculations,  we  consider  initial 
velocity  fields  with  zero  energy  in  the  small  scales, 
in  such  a  way  that  we  can  check  upon  a  realistic  evolu¬ 
tion  of  the  SGS  transfers,  wether  or  not  an  inertial 
subrange  exists. 

The  equations  to  be  considered  for  a  miseries!  L£S  of 
the  velocity  field  are  : 

.  For  large  scales,  pc]  <  k  ,  the  time  evolution  of 
the  velocity  field  u  (T,  t)  :  e 

^vk^Ui(j?,t}a-i  km  P.J  f 

<kc 


with  the  usual  notations  and  p 
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.  For  small  scales  |  k| kl  ] :  the3 time-evolution  of 
the  energy  spectrum  E(k,t) 


[4r 

The  formulation  of  S(k,p,q)  is  not  described  in  detail 
here  ,-  it  is  related  to  the  values  of  the  energy  spectrum 
E(k,t)  over  the  whole  range  of  wave-manbers  in  a  way 
which  depends  on  the  particular  closure  used  (here  the 
EDQNM  approximation) . 

The  interactions  between  large  and  small  scales  are 
represented  by  t^  and  T  ^ .  The  large  scales  are  affected, 
by  the  small  scales  through  t>  (i.e.,  a  global  effect  of 
energy  dissipation) . 


■'P+H-  k  J  (1.3) 

P|  or  ft|>kc,n<|<kc 

The  subgrid-scale  modeling  we  define  is  based  upon  the 
distribution  of  energy  E(k,t)  and  is  necessarily  isotro¬ 
pic.  An  eddy-viscosity  formulation,  suggested  by 
Kraichnan  (1976),  is  convenient  and  its  spectral  formula¬ 
tion  used  here  can  be  related  to  the  classical  notions 
of  eddy-viscosity  and  mixing  length  (Lesieur  and  Chollet, 
1980)  . 

e  =-wCk|k6,t)  kAUi(1?,fc)  (1 4) 

As  we  define  V(k|k  , t)  statistically,  we  derive  it  from 
a  transfer  of  energy  : 

v(k\ kc,  t)=  -T^kl  kCjt)/ikxECk,t)  u.s) 

with 


Wyg)  ft  £ 

The  large  scales  affect  the  small  scales  through  T<(i.e. 
a  global  effect  of  energy  production) . 

T<(k{kc/k)=jT  SCk,p,q)  dpdq 

;;P^kpor  q  <kc.,  k>kt 


(1.7) 


We  notice  that  the  coupling  terms  of  the  transfer 
T*  and  t'  in  (1.6)  and  (1.7)  depend  on  the  distribution 
of  energy  E(k,t)  over  the  whole  range  of  wave  numbers 


We  also  consider  the  advection  of  a  passive  scalar, 
that  is  any  fluctuation  of  temperature  or  any  tracer 
concentration  provided,  that  it  does  not  react  on  the 
velocity  field.  We  do  not  describe  the  equations  of  the 
scalar  field  evolution  since  they  are  very  similar  to 
(1.1)  to  (1.7)  (see  Chollet  (1983),  Chollet  and  Lesieur 
(1982)) . 


In  (action  2,  we  derive  a  siapla  SGS  modal  which 
dapands  on  tha  existence  of  an  inartial  subrange.  In 
(action  3,  wa  praaant  a  more  completa  coupling  of  statis- 
tical  oodaling  with  large  eddy  computationa .  We  consider 
high  Reynolds  number  turbulence  ;  also,  we  cannot  compu¬ 
te  a  "reference  solution"  including  dissipative  scales, 
and  we  only  check  the  existence  of  inertial  and  inertio- 
convective  spectra  up  to  the  cut-off  wave-number 


The  subgrid-scale  modeling  has  been  used  in  a  spectral 
coda  of  large  eddy  simulation  whose  resolution  is  323 
both  for  the  velocity  and  a  passive  scalar  field  ;  the 
eddy  Prandtl  masher  was  assumed  to  be  constant 

and  equal  to  0.6  as  suggested  by  Fig.  1.  In  Figs.  2  a) 
and  b)  we  notice  the  decay  of  the  spectra  and  their  ten 
dency  to  obey  inertio- convective  k*'^3  laws. 


Aupcax  and  Cousteix  (1982)  used  the  same  method  at 
lower  Reynolds  number  and  obtained  results  which  compa¬ 
red  satisfactorily  with  the  experiments  by  Comte-Bellot 
and  Corrsin. 

2.  SGS  MODELING  WITH  EDDY-VISCOSITY  AND  DIFFUSIVITY 

To  a  first  approximation,  the  small  scales  equa¬ 
tion  (1.2)  reduces  to  :  Elk.t)  (vk'5/3  for  ke  £kc,eoC 
which  makes  sense  for  high  Reynolds  number  flows  with 
k^  k  (ks  is  the  Kolmogorov  dissipation  wave  number) . 

*As  E(fj,t)  is  known  for  k  >  k  ,  t*  is  the  only  cou¬ 
pling  term  to  be  computed.  The  large  scales  are  still 
calculated  with  (1.1),  but  we  consider  a  large-scale 
spectrum  E(k)A/k'5/3  to  compute  t>  ,  which  is  realistic 
if  k  is  not  located  at  the  very  beginning  of  the  iner¬ 
tial  range.>’(k|k  , t)  is  formulated  in  a  nan  dimens iona- 
lized  form  : 

y(Mk,t)  =  Ve+(k/kt)(E(kc,t)/ke)1/l 

as  extensively  described  in  Chollet  and  Lesieur  (1981). 

The  eddy  viscosity  yjJ'lk/k  )  is  plotted  in  Fig.  1, 
along  with  the  eddy  diffusivitycD  *(k/k  and  the  eddy 
Prandtl  nuaber  V^D^  j  Dt+  is  derived  from  the  trans¬ 
fer  of  passive  scalar  variance  Tg >  in  a  way  very  simi¬ 
lar  to  the  derivation  of  (Chollet,  1983  ;  Chollet 
and  Lesieur,  1982) .  The  only  constants  are  those  adjus¬ 
ted  for  the  relaxation  times  of  the  EDCXIM  two-point  clo¬ 
sure  :  A  »  0.36}  for  t^e  kinetic  energy  (Andre  and 
Lesieur,  1977)  A  »  0,  A  -  3.61  A  for  the  passive  scalar 
(Herring  et  al.,  1982). 


k/k. 


fig.  1  -  Non  dimensionalized  eddy-viscosity .  eddy-diffu- 
sivity  and  eddy  Prandtl  number. 

(+■  *  eddy  viscosity  from  Kraiehnan  (1976)  )  . 

The  SGS  modeling  has  been  tested  first  in  an  EDQNM 
computation  of  tha  whole  range  of  scales  since  it  allows 
the  calculation  of  a  reference  solution  which  Includes 
dissipative  scales.  Results  of  such  parametrized  statis¬ 
tical  computation  are  presented  for  energy  and  scalar 
spectra  in  Chollet  and  Lesieur  (1982)  ;  they  can  be  very 
useful  to  study  long-term  decays  of  energy. 


k 

Fig,  2  -  L.E.S.  with  subgrid  scale  modeling  (SA^of  Fig.  1 
and  Vfc*-  /it"  *  0.6)  . 

- t  -  0.01  :  0  00  t  *  1.0s  ; 

•  set-  2.o  s 

a)  kinetic  energy  :  E(k,t)  ;  b)  scalar  variance 
E#(k,t)  . 

Upon  close  examination  of  the  cusp  of  V’^’lFig.  1), 
we  notice  (Chollet,  1983)  that  we  can  approximate  it  with 
a  (k/k  ) 4  dependence  which  seems  that  the  eddy  viscosity 
can  bec viewed  as  a  sum  of  an  eddy  viscosity  operator  (V2) 
and  a  higher  order  dissipativity  (V3)  2  which  is  effective 
for  the  interactions  local  to  kc-  These  dissipation  opera 
tors  can  be  compared  to  the  very  high  dissipativity  used 
by  Basdevant  et  al.  (1981)  in  two-dimensional  large  eddy 
simulations.  This  interpretation  could  be  used  tc  trans¬ 
late  this  spectral  parametrization  into  physical  space 
provided  that  some  attention  is  paid  to  the  filtering 
problems. 

The  way  spectra  exhibit  quite  satisfactory  k"5/3 
ranges  can  be  interpreted  as  an  a-posterion  justifica¬ 
tion  for  the  values  of  the  closure ( constants,  especially 
for  the  more  debatable  values  of  A  and  X  .(The  cusp  of 


•»<!  '  *>*d  the  influence  of  a  dissipative  range  in 

Che  smallest  scales, or  non- inertial  large  scales  close 

to  k  are  analysed  in  Chollet,  1983  . 
c 

3.  FULL  STATISTICAL  MO  EE  LING  OF  SMALL  SCALES 

The  asumption  of  a  k  spectrum  used  to  derive 
a  SGS  modeling  is  not  very  realistic  for  : 

(1)  free-decay  spectra  when  the  spectra  are 
steeper  than  k"5/3, 

(2)  k  close  to  k  (where  k  is  the  Kolmogorov 
dissipation  *  wave  ntaSerl, 

(3)  k  close  to  the  very  beginning  of  the  inertial  . 
range. 

To  take  full  account  of  the  distribution  of  energy  over 
the  whole  range  of  wave  numbers,  we  have  to  solve  comple¬ 
tely  (1.1)  and  (1.2)  and  formulate  the  coupling  terms 
T  <  and  t >  .  , 

The  large  scales  are  computed  with  the  32 J  spectral 
code  mentionned  in  section  2  and  the  small  scales  are 
computed  with  the  EDQNM  code  already  used  in  statisti¬ 
cal  computations  (Chollet  and  Lesieur,  1981) . 

The  Hm  evolutions  of  the  large  scales  (k  <  k  ) 
and  the  small  scales  (k  >  k  )  are  linked  only  by  the 
coupling  terms  (1.4)  and  (1.7).  At  every  time-step,  the 
evolution  of  the  energy  spectrum  of  small  scales  is 
calculated  with  (1.2)  and  the  evolution  of  the  velocity 
field  in  large  scales  is  calculated  with  (1.1).  The 
coupling  terms  T  and  T  are  derived  from  an  energy 
spectrus  Elk)  whose  : 

(1)  small-scales  contributions  come  from  the 
EDQNM  evolution  (1.2) 

(2)  large-scales  contributions  came  from  averaging 
spectra  on  the  computed  velocity 

field 

The  results  pertaining  to  a  time  evolution  of  a 
realization  of  the  velocity  field  are  given  in  Fig.  3 
(the  initial  energy  is  still  zero  for  k  >  ke> .  Me  obser¬ 
ve  the  tendency  toward  the  inertial  range  and  the  conti¬ 
nuity  of  the  energy  spectrun  when  going  across  k  . 

This  continuity  is  also  observed  on  Fig.  4,  which 
shows  the  total  energy  flux  and  the  flux  associated  to 
the  Coupling  terms”  of  the  energy  transfer. 

He  have  not  attempted  to  study  in  detail  the  "cou¬ 
pling”  procedure  since  it  is  much  more  expensive  that 
the *^7  procedure”  of  section  2,  especially  with  our  nume¬ 
rical  code  whose  EDQNM  part  could  not  be  vectorized. 

He  only  aim  at  proving  the  feasibility  of  the  procedure. 
From  what  we  know  about  the  EDQNM  and  LES  computations 
of  the  scalar  field,  we  can  infer  that  such  a  coupling 
procedure  is  also  valid  for  any  numerical  simulation  of 
a  scalar  field. 

4.  PREDICTABILITY  OF  LARGE  SCALES,  FROM  LES  RESULTS 

In  a  large  eddy  simulation,  the  subgrid  scales  are 
net  calculated  in  detail  ;  by  comparison  with  the  large 
scales,  they  can  be  considered  as  computed  with  some 
unspecified  In  nature  and  amount)  inaccuracies  and 
errors.  These  errors  contaminate  the  large  scales  in  a 
finite  time,  which  impairs  the  relevance  of  the  nuaeri- 
cal  simulation  ;  this  is  a  problem  of  "predictability” 
of  large  scales. 

The  initial  fields  we  consider  correspond  to  evol¬ 
ved  solutions  of  simulations  with  their  energy  distribu¬ 
ted  over  a  wide  range  of  wave-numbers  including  scales 
beyond  the  cut-off  k  .  The  corresponding  initial  energy 
spectrum  exhibits  a  ck~5/3  inertial  range.  He  compare 
two  realizations  1  and  u(2)  of  the  velocity  field 
beginning  with  the  same  initial  field  except  in  the 
smallest  scales.  He  refer  here  to  two  methods  to  create 
the  initial  decorrelation  in  the  small  scales  (charac¬ 
teristics  are  given  in  table  1)  i  (2)  (1) 

(1)  two  different  cut-off  wave-numbers  k  <k 
but  the  fields  are  identical  for  k  <ek  <2>  ; 
this  straight  forward  method  corresponds 

to  a  study  of  the  dependence  of  results  with 
the  amount  of  small  scales  used  by  the  nume¬ 
rical  simulation. 

(2)  k  (1)  •  k  (2>  ,  a  range  of  high  wave  msabers 
iS  altered  in  a  proper  way  -a  rotation  of  each 
velocity  vector  whose  axis  is  in  the  direction 
of  the  wave  vector-  .  unfortunately  the  inten¬ 
sity  of  this  alteration  has  to  be  quite  strong 


in  order  not  to  be  swept  out  by  the  eddy  visco¬ 
sity. 

In  this  section,  all  the  computations  use  the  SGS  mode¬ 
ling  described  in  section  2. 


Fig ■  4  -  Energy  flux  in  a  LES  with  full  coupling 


(at  t  *  1.2  sec) 

(1)  total  flux  from  LES 

(2)  total  flux  from  EDQNM 

(3)  from  SGS  modeling 

(4)  from  large  scales  modeling 


.Lkr(kjd(t 

(*nk)oLk 

2JkT>(k)4k 

fr<cic)dk 


a) 


Instead  of  eh*  cross -spectrum  E  (k)  previously  used  in 
Chollae  and  Lesieur  (1981)  for  preliminary  studies  of 
decorrelation,  we  prefer  the  more  significant  "error 
spectrum"  E&(,k)=  E(k)  -  Evv(k)  ■  The  initial  distribu¬ 
tion  of  error-energy  E*(k)  is  not  controlled  since  it  is 
just  a  consequence  of  the  initial  alteration  of  the  field 
in  the  smallest  scales  ;  this  is  a  difference  between 
these  computations  and  the  predictability  calculations 
don*  by  Metals  *t  al.  (1983)  with  a  statistical  (EDQNM) 
approach  in  the  same  case  of  freely  decaying  turbulence. 
The  schwa  tic  spectra  of  figure  S  show  differences  and 
similarities  between  a  closure  and  a  LES  approach  for 
predictability  studies,  especially  because  w*  simulate 
only  a  short  rang*  of  wave-numbers  in  the  explicitely 
computed  scales  of  the  IES. 


Fig.  5  -  Con  twin*  ti  on  of  energy  spectra  by  small  scale 
errors. 

a)  in  statistical  computations . 

b)  in  LES  computations. 


A  time-evolution  of  energy  spectra  and  error  spec¬ 
tra  for  LES  calculations  is  shown  in  fig .  6 .  We  note  that 
in  spit*  of  the  different  methods  used  to  create  the  ini¬ 
tial  decorrelation  in  small  scales,  the  evolutions  are 
quit*  similar.  Moreover,  the  increasing  range  of  the 
error-spectra  seems  to  behave  like  k4,  in  agreement  with 
the  analysis  by  Metals  at  al.  (1983),  using  properties 
of  the  EDQNM  closure. 


Run 

k  (1) 
c 

!a,w 

alteration 
of  u<2) 

symbols  in 
Fig.  7 

3031 

15. 

14. 

(1) 

—  —  — 

3047 

15. 

10. 

(1) 

■  ■  ■ 

3041 

15. 

15. 

(2)  at  k  «  10. 

0  0  0 

3046 

IS. 

15. 

(2)  for  k*pO. 

^k^a  a 

1920 

15. 

13. 

(1) 

•  •  • 

Table  1 


To  characterize  the  contamination  of  the  scales  by 
the  error,  we  define  a  wave-number  k^  : 


F-E-sCk^tJ/EOvb) 

This  "local"  parameter  is  more  suitable  than  the  rela¬ 
tive  amount  of  the  error 


rtt)-£~Ea  ( k,t)  /£e  (  k,  t) 


in  order  to  us*  quantities  which  do  not  depend  explicite¬ 
ly  on  small  scales  (  >  kc<2> )  or  on  large  scales  whidi 
cannot  be  calculated  very  accurately.  The  value  of  f 
can  be  chosen  arbitrarily  since  the  increasing  part  of 


the  spectrva  behaves  like  k4 .  In  order  to  include  k.  in 


Fig.  6  -  Energy  spectra  E(k)  and  error-spectra  E  (k) , 
every  0.4  sec  (the  initial  large  eddy  turnover 
time  is  0. 18  sec) . 
a)  run  3031  ;  b)  run  3041. 


the  rang*  of  calculated  wave-numbers,  we  choose  f  -  0.01 
The  evolution  of  kg  is  drawn  in  fig.  7,  w*  note  that  it 
does  not  depend  on  the  way  the  initial  decorrelation  is 
generated,  at  least  after  some  time.  The  t~l  law  is  in 
agreement  with  the  EDQNM  results  of  Metals  et  al.  (1983) 


Fig'.  7  -  Evolution  with  time  of  the  error  wav*  number  k_ 
(symbols  in  table  1)  .  ' 

From  these  results,  it  appears  that  the  decorrelation 
evolves  with  time  independently  of  the  way  it  is  genera¬ 
ted.  There  is  no  major  difference  between  dropping  a 
rang*  of  small  scales  or  keeping  them  after  soms  altera¬ 
tion.  The  contamination  of  the  large  scales  of  a  two- 
dimensional  turbulence  would  be  quit*  different  (Metals 
et  al.  1983)  with  an  error  spreading  first  over  the  whole 
range  of  scales  ;  a  paradoxical  conclusion  could  be  that 
three-dimensional  LES  are  more  accurate  than  two-dimen¬ 
sional  IES,  even  with  a  lower  resolution. 

CONCLUSIONS 

The  statistical  theories  (here,  the  EDQNM  approxima¬ 
tion)  provide  a  consistent  model  of  subgrid  scales  in 
three-dimensional  turbulence.  Large  Eddy  Simulations  of 
velocity  and  scalar  fields  exhibit  good  k*^/3  mertio- 
convective  spectra  up  to  the  cut-off  wavenumber  even 
when  there  is  no  energy  in  the  initial  field  for  k>  kc. 

As  the  LES  computation  is  independent  of  the  EDQNM 
code  except  for  the  SGS  model,  these  results  can  be 


Siggia,  E.D.,  and  G.S.  Patterson,  1978,  ”Intermittency 
effaces  in  a  numerical  ^simulation  of  stationary  three- 
dimensional  turbulence,  J.  Fluid  Mach.,  86,  567. 


interpreted  as  a  validation  of  the  values  attributed  to 
the  closure-cons tantas  ;  on  the  other  hand,  it  justifies 
the  concepts  of  eddy- viscosity  and  diffusivity. 

To  drop  any  asumption  of  an  inertial  range,  we  have 
considered  the  coupling  of  a  full  statistical  descrip¬ 
tion  of  the  small  scales  and  the  numerical  computation 
of  the  velocity  field  for  large  scales.  This  method  can 
be  used  to  compute  turbulence  with  any  value  of  the 
Reynolds  maber  and  any  shape  of  the  energy  spectrua, 
and  with  no  constraints  on  the  relative  location  of  the 
cut-off  with  respect  to  integral  scales.  Evan  with  this 
improvement,  the  SGS  model  is  only  statistically  rele¬ 
vant  and  any  information  about  phases  correlation  on 
either  side  of  kc  is  lost.  Predictability  concepts  can 
be  used  to  estimate  the  relevance  of  results  frem  LES, 
giving  rise  to  other  tests  for  the  validation  of  SGS 
modeling. 
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ABSTRACT 

The  validity  of  the  usual  subgrid  models  for  Large  Eddy 
Simulations  is  discussed  for  anisotropic  turbulence.  We  study 
the  transfer  between  large  eddies  and  subgrid  scales  In  the 
framework  of  a  two-point  closure.  An  eddy-viscosity  model  is 
thereafter  used  to  parameterize  the  small  scales  in  a  two- 
point  closure  computation.  Comparisons  are  made  with  the 
results  of  the  same  two-point  closure  applied  to  the  whole 
turbulent  spectrum.  The  results  presented  In  this  paper  have 
been  obtained  in  the  case  of  an  homogeneous  shear  flow.  They 
show  the  limits  of  eddy  viscosity  subgrid  models  for  non 
Isotropic  turbulence. 

NOMENCLATURE 

(r(K)  :  filter  in  Fourier  space 

OilKU  :  lar9*  SCQle  velocity  field 

*  g-ik) 

<U;>  ■  mean  velocity  field 

:  three-dimensional  s^e-ural  tensor 
( K)  :  filtered  three-dimensional  spectral  tensor 
Tij  (K)  :  three-dimensional  spectral  transfer 

contribution  of  the  small  scales  to  the  three- 
1  dimensional  spectral  transfer 

part  o/Tij  called  backscatter  or  input 
~^K) *  part  oflif  called  drain  or  output 

Integral  of  ($;•  over  a  spherical  shell  of  radius  K 
:  integral  of  T;^  over  a  spherical  shell  of  radius  K 
Vfc(K):  eddy  viscosity 

1  INTRODUCTION 

Nowaday!  direct  numerical  simulation  is  certainly  one  of 
the  major  tools  for  the  study  and  prediction  of  turbulence.  At 
low  Reynolds  number,  it  is  possible  to  make  a  Full  Simulation 
over  the  whole  range  of  scales  of  the  turbulent  spectrum.  For 
large  Reynolds  number  /lows,  this  is  not  possible  :  only  the 
large  eddies  of  such  flows  can  be  captured  on  a  computational 
mesh.  The  small  scales,  or  subgrid  scales,  have  to  be  modeled. 
The  problem  of  parameterizing  these  small  scales  is  of  very 
large  importance  today  since  Large  Eddy  Simulation  (L.E~S.)  is 
becoming  very  popular. 


Most  of  the  subgrid  scale  models  are  based  on  the  concept 
of  eddy  viscosity.  This  concept  postulates  that  the  motion  of 
small  scales  is  Introducing  a  viscosity  in  the  equation  for  the 
large  scales,  in  the  same  way  as  molecular  thermal  agitation  is 
responsible  for  the  viscous  term  in  the  Navier  Stokes  equation. 
To  be  rigourously  justified  this  assumption  supposes  a  separation 
of  scales  between  large  and  small  eddies,  which  generally  does 
not  occur  in  turbulence.  Nevertheless  eddy  viscosity  is  used  for 
L.ES.,  its  main  advantage  being  that  it  at  least  ensures  a  drain 
of  energy  form  the  explicit  scales  to  the  subgrid  scales.  In  the 
particular  case  of  Isotropic  homogeneous  turbulence,  this  drain 
of  energy  being  the  very  preponderant  effect  of  small  scales, 
eddy  viscosity  formulations  have  been  shown  to  lead  to  good 
predictions  of  the  turbulent  kinetic  energy  decay. 

In  return,  for  anisotropic  turbulence,  the  validity  of  eddy 
viscosity  models  seems  to  be  more  questionable.  In  particular,  in 
the  case  of  homogeneous  turbulence  submitted  to  a  uniform 
shear,  comparisons  between  Large  Eddy  Simulation  on  a  coarse 
grid  and  Full  Simulation  on  a  refined  mesh  have  shown  important 
disagreements  (see  Me  Mlllan  et  aL  (1980)). 

Since  Kratchnan  (1976)  first  suggested  that  the  Direct 
Interaction  Approximation  was  providing  an  analytical 
framework  in  which  to  Investigate  eddy  viscosity  concepts,  two 
point  closures  have  been  extensively  used  for  this  purpose.  The 
Eddy  Damped  Quasi  Normal  Markovian  closure  has  in  particular 
been  very  helpful  (see  Leslie  (1979)  and  Lesieur  (1981)).  Such 
studies  resulted  in  a  better  understanding  of  the  physical 
mechanisms  operating.  In  a  partial  justification  of  eddy 
viscosity,  and  in  subsequent  Improvements  of  the  usual 
formulations.  In  particular  the  dependence  of  the  eddy  viscosity 
with  the  wavenumber  has  been  investigated  ,  and  numerical 
values  have  been  proposed.  Very  recently  the  dependence  with 
the  Reynolds  number  has  been  taken  into  account  by  proposing 
methods  coupling  E.D.Q.N.M.  with  L.E.S.  (see  Chollet  (1983)  in 
the  present  volume,  and  Aupoix  (1983)). 

At  the  present  time,  all  these  studies  have  essentially  been 
confined  to  the  field  of  isotropic  turbulence *  .  This  is  very 
restrictive  and  seems  to  make  their  relevance  to  Large  Eddy 
Simulation  of  any  real  industrial  problem  very  doubtful.  The  aim 
of  the  present  paper  is  to  extend  the  investigation  to  anisotropic 
homogeneous  turbulence.  Our  tool  will  be  the  EDQNM  closure 
applied  to  homogeneous  shear  flows.  It  will  be  shown  that  if  the 
eddy  viscosity  formulation  remains  acceptable  for  the  part  of 
the  interaction  accounting  for  the  drain  of  energy  from  the  large 
scales  to  the  small  scales,  it  is  inadequate  for  the  term  traducing 
a  return  of  energy  from  the  subgrid  (input  term  in  Kratchnan 
(1976)  or  backscatter  in  Leslie  (1979)). 


•  in  Leslie  (1979),  an  extension  to  non  isotropic  turbulence  is 
proposed,  but  strong  assumptions  concerning  anisotropy  are 
made. 
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The  second  part  of  the  paper  is  intended  to  determine 
whether  the  error  introduced  when  using  eddy  viscosity  in  non 
isotropic  turbulence  is  liable  to  alter  the  behaviour  of  large 
eddies.  For  this  purpose,  we  shall  compare  the  results  of  an 
EDQNM  computation  of  the  whole  spectrum  of  a  sheared 
turbulence  with  the  results  of  the  same  EDQNM  model  in  which 
the  effects  of  the  small  scales  are  parameterized  by  an  eddy 
viscosity.  In  both  cases,  the  EDQNM  closure  will  not  be  treated 
in  a  straightforward  way.  A  modeled  form,  previously  derived 
by  Bertoglio  (1981),  will  be  used  since  the  complete  calculation 
would  result  in  too  cumbersome  computations. 

2  STUDY  OF  THE  SPECTRAL  TRANSFER  BETWEEN 
LARGE  AND  SMALL  SCALES  OF  AN  HOMOGENEOUS 
TURBULENCE  :  EQUATIONS 

We  make  the  usual  decomposition  of  the  velocity  field  : 

U-U*U' 

in  which  corresponds  to  the  large  scales  or  explicit  scales, 
and  denotes  the  subgrid  scales.  The  explicit  scales  are  defined 
by  using  a  filtering  process 

f  G-(x-7'j  U(7'j  J5T'  , 

Jrs 

which  can  easily  be  written  in  spectral  space  : 

m  =  uw  , 


(r(K)being  the  Fourier  transform  ofQX). 

It  must  be  pointed  out  that,  even  if  the  filtering 
operation  often  consists  in  an  " average *  over  a  small  volume  In 
X  space,  no  statistical  average  is  introduced  by  the  filter. 

and 

U.  <H>+  a 

ir.  <ir>  +■  ^ 

by  Introducing  a  statistical  average  over  an  ensemble  of 
realizations :  p>  . 

The  average  of  the  subgrid  scale(U')is  very  often  equal  to 
zero.  This  will  in  particular  be  true  for  homogeneous  turbulence 
f<U?w Ul  only  have  a  non  zero  contribution  in  the  case  of  strong 
inhomogeneities  having  scales  comparable  to  the  computing 
mesh).  We  shall  then  identify  U'  and  u.'. 

Starting  from  the  Navier  Stokes  equation  written  in 
spectral  space,  one  can  easily  obtain  the  equation  for  the 
turbulent  fluctuation 


^We  now  make  the  Reynolds  decomposition  of  both  II 


u*  U-<U> 


By  filtering,  it  is  then  straightforward  to  obtain  the 
equation  for  the  large  scales  in  which  the  contributions  of  small 
scales  can  be  Isolated  by  writing 

Utf). 


The  resulting  equation  is  •• 


with 


The  integral  in  (1)  extends  over  all  wave-vectors  and  which 
can  form  a  triad  such  as  K  m  r  +  2T 

It  is  relevant  to  note  at  this  point  that : 

.  the  first  term  of  the  left-hand-side  of  (1)  is  accounting  for 
the  effects  of  the  mean  velocity  gradients  and  does  not 
involve  subgrtd  scale  contributions.  This  term  will 
therefore  be  exactly  taken  into  account  by  L.E.S. 

.  term  I  corresponds  to  triadic  interactions  between  large 
scales  (and  is  therefore  exactly  taken  into  account  by 
L.ES.). 


.  term  U  corresponds  to  triadic  interactions  involving  one 
subgrid  mode. 

.  term  m  corresponds  to  triadic  interactions  Involving  two 
subgrid  modes. 

In  physical  space,  term  in  corresponds  to  the  term  called 
true  subgrid 


meanwhile  term  11  corresponds  to  the  cross  term  : 

yzi  ui  +. 

* 

_  Multiplying  (1)  by  Uil-Wand  averaging  give  the  equation  for 
H.J> .  This  equation  leads  tp  the  equation  for  the 
filtered  three-dimensional  spectrum  JV  (ic)  by  using  the 
classical  relation  * 

<£  u.  [*j  Uj(-'g>  = 


We  close  this  last  equation  in  the  frame  of  the  Eddy 
Damped  Quasi  Normal  Markovian  approximation.  This  closure  is 
appropriate  to  the  present  problem  because  of  its  good  behaviour 
in  the  inertial  range  of  the  spectrum. 

We  can  symbolically  write  the  E.D.Q.N.M.  assumption  : 

/uuau^sr /  uu1)  -  |4<£uuu)> 


which  is  used  to  close  the  equation  for  the  third  order 
correlation 


?b 


'u,uu)>  +(uUMu)  _  U^U.U.U.)> 


The  term  explicitely  accounting  for  the  direct 

action  of  the  mean  velocity  gradients  on  tripie  moments  is 
furthermore  neglected.  This  last  assumption  has  been  previously 
introduced  by  Cambon  (1981)  and  Bertoglio  (1981)  and  will  not 

be  discussed  here. 


We  finally  obtain  : 


["ft  *  exactly 


taken  into  account  by 


Tfto  *  Tf  (*; 


in  which 


j;\Z) 3 .  i  ^(3) &{?)(i-ws))+a^«Q)(i-^) 


+  CtK)(l-6(?l  ( 1-  «$))  J  ^  (  Klf  Q  j  i£  Jq  f3J 

and 

Jf+3tic 

with 

S'(Slf,5)-[^i.fti.f9(1(T.ie«TrW 


with  the  notations : 


m*if  ?u 

J sphere  of  radius  K 


£(?)*  ^[1?  +W^ 

Tv  l  i2)  andT.  (<;  are  the  terms  acco 


li'.  I  it)  and  I.',  (<)  ore  the  terms  accounting^  for  the 
effect  of  subgrid  scales  on  the  explicit  eddjeSjT*!*) contains 
only  contributions  involving  £,1?)  and $..  (5)  nwo  vectors 
different  from  K  ).  It  is  known  that*  the  effeJt  of  such  a  term  is 
typically  and  input  of  energy  at  the  wave  vector  K  .~J%*  ii)i s 
the  contribution  of  subgrid  scales  to  the  input  or  backscatter 
term.  In  return that  involves  f, A  K.)  is  the  contribution  of 
subgrid  scales  to  the  ouput  term  or  drain.  It  is  worth  noting  that 
the  distinction  between  backscatter  and  drain  is  not  intrinsical 
to  Quasi  Normal  closures  but  that  it  also  exists  in  the  case  of 
the  DJ.A.  (see  Kraichnan  (1978)). 

The  term 

T7j'( Z/.T-'W 


which  is  the  subgrid  contribution  to  the  transfer,  perfectly 
defines  the  exchange  of  energy  between  grid  and  subgrid  scales 
for  a  closure  computation.  However  it  provides  only  a 
statistically  averaged  information  that  is  not  sufficient  for  a 
subgrid  model  in  L.E.S.  The  subgrid  model  must  furthermore 
account  for  the  effects  of  small  scales  on  one  particular 
realization  of  the  large  scale  field  (Basdevant  et  al.  (1978)).  To 
"d esaverage"  the  information,  we  haw  to  make  further 
hypothesis.  The  more  common  way  to  do  so  is  to  introduce  the 
eddy  viscosity  concept. 

In  the  present  paper  we  do  not  propose  new  desaveraging 
models.  We  only  intend  to  discuss  the  validity  of  the  eddy 
viscosity  formulation. 

3  RESULTS  CONCERNING  THE  SPECTRAL  TRANSFER 


In  order  to  discuss  the  eddy  viscosity  formulation,  we  have 
to  compute  the  terms  TiA^ifand  T",  ~>(  Zj  appearing  in  equation 
(2).  This  is  done  at  a  fixed*value  of  time  :  fc£  . 

The  values  for  the  spectrum  $,v  1  ^  It)  used  here  correspond 
to  an  initially  isotropic  turbulence  distorted  by  a  shear.  They 
have  been  computed  by  using  the  E.D.Q.N.M.  model  presented  in 
Bertoglio  (1981).  The  value  of  the  dimensionless  parameter 
characterizing  the  distortion  is  S  tc  =  2,  in  which  S  is  the  mean 
shear ;  ,  v 

5  -  -T7T  ■ 


The  initial  isotropic  spectrum 
measurements  of  Comte-Bellot  (1971). 


was  deduced  from  the 


We  have  investigated  the  case  of  two  different  filters  : 
.  a  Gaussian  filter  : 

.  a  sharp  filter  in  wavespace 


G-lK)  =  1 
(rW  -  0 


if  K^VCe 
if  K>Kc 


They  are  the  most  employed  filters,  the  former  being  used  for 
finite  difference  simulations,  the  latter  for  spectral  simulations. 


In  figure  1,  we  have 


the  double  correlation 


spectra  if,;  island  their  filtered  values  if,;  is) in  the  particular  case 
of  a  Gaussian  filter  whose  width  S  -2.7  cm  corresponds  to  a 
simulation  on  a  16'*  grid  of  a  " classical  laboratory  turbulence" 
(for  example  Comte-Bellot  (1972))  .  if.-,  and  if.  are  quantities 
integrated  over^  spherical  shells  of  radius  K  ,  respectively  the 
Integrals  off •  Ik/andJ.  |ic). 


Fig.  1  ; 


Double  correlation  spectra  f unaltered  </•  ,  and 
filtered  IT  HbCt  -2). 
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Figure  2  shows  the  contributions  of  small  scales  to  the 
non  linear  transfer 

t,;|K^s  integral  ofTiflK/over  the 
’  spherical  shell  of  radius  K. 

It  can  be  seen  that  t;j  (K)  u  more  isotropic  than  JjlH/.  It 
is  relevant  to  recall  at  this  point  that  an  eddy  viscosity  subgrid 
parameterization  would  model  fcif  as  having  the  same 
anisotropy  at  (JL  .We  can  for  example  define  the  eddy  viscosity 
as  ‘i 


\lfc(  iCj  =■  —  —  mm  (S)  (summation  over  the 

repeated  indices) 

This  formulation  is  an  extension  of  the  form  used  by  Chollet 
(1983)  for  isotropic  turbulence 


Ot(K)  3  -T*  _ 

ZK*E(  <) 


with  the  notation 

rfic;  =  t.v«; 


Fig.  2  :  Spectral  transfer  fcv  ,  and  part  of  the  spectral 

transfer  relative  to  the  exchange  between 
explicit  and  subgrid  scales^  f5£  =  2). 


In  this  case,  the  effects  of  the  modeled  subgrid  scales 
would  be  equivalent  to  the  term 

which  is  plotted  in  figure  3.  It  can  be  seen,  in  particular,  that 
this  term  would  tend  to  overestimate  the  drain  of  energy  from 
the  iL  component. 

Results  concerning  the  sharp  filter  confirm  the  same 
trends. 

A  separated  study  of~fij**K]andT-:~?$  indicates  that  the 
eddy  viscosity  is  less  adequate  for  the  baclescatter  Ti;*'  ,  as 
suggested  by  Kratchnan  (1978kmd  Leslie  (1979).  It  can  be  shown 
by  using  visualizations  over  spherical  shell  of  radius  K:  in 
figure  4  X't*  is  less  connected  to  £  ■•  than  T"*>  is. 

*  J  « 

We  have  then  pointed  out  a  deficiency  of  the  eddy 
viscosity  subgrid  model.  Whether  this  deficiency  may  have 
important  consequences  will  be  examined  in  section  4. 


Fig.  3  Comparison  between  the  spectral  transfer  due  to 

smale  scales  t,?  — ,  and  the  eddy  viscosity 

modeled  form  : 1  ot(*^  ;  _ 


1 


Fig.  4  Comparison  between  spectral  tensor  ,  subgrid 

backscatterT?*,  and  subgrid  drain Tj*V  Jlfc  =  2).  Over 
spherical  shells  of  radius  K,  the  principal  axes  of  the 
tensors  are  visualized  and  segments  proportional  to 
the  eigen  values  are  plotted. 


4  SUBGRID  EDDY  VISCOSITY  IN  A  CLOSURE  MODEL 

A  self  consistent  way  to  test  a  subgrid  model  is  to 
introduce  the  subgrid  model  into  a  closure  computation.  Then 
only  the  large  scales  are  taken  into  account  by  the  closure,  and 
the  subgrid  model  is  used  to  parameterize  the  small  eddies. 
Comparisons  with  the  closure  applied  to  the  whole  range  of  the 
spectrum  are  thereafter  very  easily  made.  The  advantage  is  that, 
in  both  cases,  the  interactions  between  large  scales  are  treated 
with  the  same  approximation.  Obviously  we  have  to  be  faithfull 
in  the  behaviour  of  the  closure  near  the  cutoff  of  the  filter. 

Chollet  and  Lesieur  (1981)  have  already  used  this  technique 
to  test  a  subgrid  model  in  the  case  of  isotropic  turbulence.  We 
now  extend  the  comparison  to  sheared  homogeneous  turbulence. 
We  have  tested  several  eddy  viscosity  formulations.  In  o.der  to 
point  out  the  inaccuracy  of  eddy  viscosity  in  the  specific  field  of 
anisotropic  turbulence,  we  present  the  results  obtained  with  the 
formulation  that  gives  the  best  results  for  isotropic  turbulence. 
This  formulation  is  obtained  by  evaluating,  at  each  wavenumber 
and  at  each  time  step,  the  value  of  the  eddy  viscosity  that  would 
give  the  right  amount  of  energy  transfered  to  the  small  scales. 
This  evaluation  is  performed  by  making,  in  parallel,  a  second 
closure  computation,  over  the  whole  range  of  the  spectrum. 


Therefore  two  closure  computations  are  simultaneous 
carried  out :  the  first  one  to  take  into  account  the  interactions 
between  large  eddies,  the  small  scales  being  parameterized 
by  tylQ,  the  second  one  to  determine  the  values  of  by 

computing  the  interactions  involving  subgrid  scales. 

The  specific  form  forty  is  given  by  eg.  (5),  and  is  the  one 
used  by  Chollet  (1983)  and  Aupoix  (1983),  to  parameterize  the 
smale  scales  in  a  coupled  method  L.ES./closure. 

Far  sheared  homogeneous  turbulence,  calculations 
resulting  from  the  complete  E.D.Q.N.M.  equations  are 
unfortunately  so  cumbersome  and  expensive  that  the  evolution 
with  time  of  the  turbulent  field  has  always  been  considered  as 
impossible  to  compute  without  simplifying  assumptions. 
Accordingly,  the  test  of  the  subgrid  model  cannot  be  made  in  a 
straighforward  way.  We  have  however  proposed  a  method 
(Bertoglio  (1981))  which  requires  only  a  few  computations  of  the 
3D  E.D.Q.N.M.  transfer,  this  term  being  interpolated  between 
the  computed  values. 

in  figure  5  the  evolutions  with  time  of  the  spectra  are 
plotted.  In  this  case  the  filter  is  sharp  and  Kc  =  1.27  cm  .  It 
can  be  seen  that  even  for  from  the  filter  cutoff  (K/Kt  =  .35) 
the  error  caused  by  the  subgrid  model  is  important. 


The  discrepancy  between  results  obtained  with  an  without 
subgrid  model  first  appears  on  .  As  it  could  be  expected 
from  the  results  of  section_3,  the  subgrid  model  tends  to  drain 
too  much  energy  from  ifjj  .fa  is  therefore  underestimated.  In  a 
second  stage  this  defect,  will  contaminate  the  other  components 
since  the  production  of  fa 
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is  affected.  Lately  the  production  of  fa  is  affected  too. 

The  error  caused  by  the  subgrid  model  is  about  10  per 
cent.  It  is  relevant  to  note  that  in  an  isotropic  case  the  subgrid 
model  introduce  only  a  relative  error  smaller  than  1/1000,  for  a 
corresponding  evolution  time. 


Fig.  5  :  Evolution  with  time  of  the  components  of  the 

double  correlation  spectrum.  Comparison 

between  E.D.Q.N.M.---  — ,  - - , 

and  E.D.Q.N.M.  with  a  subgrid  model . , 

- , - ,(wave  number  cutoff  Kc  - 

1.27  cm  ). 


5  CONCLUSIONS 

We  have  pointed  out  the  inadequacy  of  eddy  viscosity 
subgrid  model  for  anisotropic  turbulence.  The  eddy  viscosity 
parameterization  seems  in  particular  unjustified  for  the 
backscatter  or  input  term,  which  takes  into  account  the  return 
of  energy  from  the  small  eddies  to  the  large  eddies.  In  the  case 
of  a  coupled  method  taking  into  account  large  eddies  by  a 
simulation  and  subgrid  scales  by  a  closed  computation,  new 
"desave raging"  models  seems  to  be  needed  to  model  the 
backscatter  before  applying  the  method  to  sheared  turbulence. 


We  have  only  considered  here  isotropic  filters,  but  the 
effect  of  non  isotropic  filter  could  be  investigated,  as  they 
corresponds  to  has  spectral  simulation  of  sheared  turbulence, 
since  Rog alio  (1981)  has  introduced  a  distortion  of  the 
computational  grid  to  preserve  spatial  periodicity. 
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ABSTRACT 


The  paper  deals  with  modelling  of  the  energy 
equation  for  homogeneous  flows  in  the  wave  numbers 
space,  concentrating  on  the  energy  carrying  wave 
number  region.  The  energy  transfer  between  wave 
numbers  is  studied,  and  two  spectral  transfer 
mechanims  are  proposed,  namely  the  similar  transfer 
and  the  isotropiiing  transfer.  It  is  shown  that  this 
proposal  mechanism  can  describe  homogeneous  turbulent 
flows. 

1.  INTRODUCTION 


recognised  by  Hanjalic  and  Launder  [1]  -  proposed  a 
two-sc>les  model.  However,  they  f  /  ated  their 
equations  in  terms  of  two  scale  equat  her  than 
the  approach  of  an  additional  coorc  . .  hich  is 
utilised  here.  The  idea  of  formulatin  .  equations 
in  the  wave  numbers  space  is,  of  course,  not  new.  A 
very  well  known  example  is  the  Rapid  Distortion 
Analysis,  as  used  by  Hunt  [2],  '  Townsend  [3],  or 
Deissler  [a].  However,  these  researchers  tended  to 
neglect  the  non-linear  turbulent  convection  terms 
rather  than  model  them.  Yet  they  have  solved  problems 
of  two-dimensional  shear  flows  and  obtained  very 
interesting  results  for  rapidly  strained  turbulence. 


1.1.  Background 

Most  turbulence  models  are  based  on  two  equations 
representing  the  scale  and  amplitude  of  the  turbulent 
fluctuations.  Although  predictions  based  on  such 
models  produce  useful  results,  the  universality  of 
such  models  is  limited,  and  the  predictions  are  not 
always  successful.  Considering  the  reasons  for  such 
weaknesses,  a  distinction  should  be  made  between  the 
turbulent  energy  equation,  and  the  second  equation 
(for  the  length  scale,  dissipation,  or  some  other 
similar  quantity).  While  the  turbulent  energy 
equation  is  usually  considered  fairly  reliable,  the 
second  equation  Is  somewhat  questionable,  due  to  Its 
complexity,  and  the  lack  of  experimental  data  on  the 
balance  between  its  terms. 

The  problem  may,  perhaps,  be  resolved  by 
improvements  and  modifications  of  this  equation. 
There  is,  however,  another  possibility,  namely  to 
formulate  the  energy  equation  for  various  eddy  sizes, 
or  wave  numbers.  When  this  is  done,  the  energy 
contained  at  each  wave  number  is  calculated,  and  the 
scale  of  turbulence  ceases  to  be  a  major  dependent 
variable,  but  It  is  calculated  from  the  energy 
spectrum.  Thus,  a  two  equation  model  reduces  to  a 
single  equation  but  of  a  higher  dimension,  because  now 
the  wave  number  becomes  an  additional  dependent 
variable.  In  addition  to  the  spatial  coordinates  and 
the  time. 

In  this  paper  we  try  to  examine  this  idea,  and  to 
find  out  how  to  formulate  such  equation.  It  should  be 
pointed  out  that  the  closure  problem  exists  In  this 
formulation  as  much  as  It  does  in  the  usual  two 
equation  models. 

1.2  Literature  Survey 

A.  The  Usefulness  of  a  Spectral  Mode.  Apart  from 
releivmg  us  from  the  need  for  a  scale  equation,  the 
present  approach  appears  to  have  another  advantage 
over  the  usual  two  equations  model.  The  conventional 
formulations  are  based  on  the  assumption  that  the 
energy  spectrum  is  self-similar.  However,  such  an 
assumption  is  not  correct,  and  the  usual  models  can 
not  cope  with  variations  of  the  spectral  distribution 
of  the  turbulent  energy.  This  point  has  already  been 


B.  The  Spectral  Equation.  The  spectral  equation 

for  the  energy  tensor  Eij  is  obtained  by  a  Fourier 
transform  of  the  dynamic  ’equation  for  the  two  point 
velocity  correlation  tensor  Qij.  Batchelor  [5] 
considered  the  problem  of  homogeneous  flows  and 
suggested  to  average  the  correlation  functions  over 

all  directions.  Summation  of  the  trace  of  the 
transformed  tensors  gives  the  dynamic  equation  for  the 
energy  spectrum: 

E (k,t)  -  P(k,t)  ♦  F(k,t)  -  2vk2E(k,t)  (1) 

where: 

E(k,t)  -  the  energy  spectrum 

P(k,t)  -  the  production  term 

F(k,t)  -  spectral  energy  transfer 
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2vk  E(k,t)  -  spectral  distribution  of  the  viscous 
dissipation. 

The  transfer  function  F (k , t )  is  a  product  of  the  two 
point  third  order  velocity  correlation.  The 
production  P  is  obtained  from  the  components  of  Eij 
(also  from  the  off  diagonal  terms,  iAj)  and  therefore 
it  requires  an  estimate  if  the  scalar  equation  (1)  is 
solved.  Such  estimates  were  suggested  by  Tchen  [6] 
and  will  be  described  below. 

Special  cases  of  Eq.  (1)  are  as  follows: 

(I)  Isotropic  flow,  with  no  production,  (la) 

(II)  Steady  flow  with  a /»t  »  0.  (lb) 

(ill)  Isotropic  flow  (P-0),  in  the  energy 

carrying  wave  numbers  range,  where  the  local 
dissipation  is  relatively  small,  (lc) 

( 1 v )  Steady  flow  in  the  energy  carrying  wave 
numbers  range.  (Id) . 

C.  The  Closure  Problem.  As  mentioned  above,  the 
transformation  to  the  wave  numbers  space  does  not 
resolve  the  closure  problem.  In  the  nomenclature  of 
Eq.  (1)  it  means  that  the  transfer  function  F(k,t)  is 
not  known  and  should  be  modelled.  It  is  often  more 
convenient  to  consider  the  energy  flux  -  G(k,t), 
defined  by: 


(2) 


(4a) 


6(k,t)  -  /  F(k.t)dk  (2) 

0 

which  represent  the  energy  transfer  from  wave  numbers 
smaller  than  k  to  wave  numbers  larger  than  k.  This 
energy  transfer  may  occur  by  stretching  of  small 
vortices  by  larger  vortices  and  by  vortex  breakdown 
and  merging  . 

Three  possibilities  for  modelling  of  the  flux 
exist: 

(i)  Local  algebraic  modelling,  relating  the  flux 
G  to  the  local  values  of  £  and  k: 


G(k,t) 


B(t)  km  £n(k,t) 


where  B  can  be  a  dimensional  function  of 
time.  Such  proposals  were  given  by 

Kovasznay  [7],  Panchev  [8],  Pao  [9]  and  Lin 

[10]. 

(ii)  Diffusional  modelling,  relating  G  to  the 

energy  spectrum  gradient  a£ / aK,  or  in 

physical  terms  relating  G  to  the  energy 
spectrum  in  the  adjacent  wave  numbers: 

G(k,t)  -  B(t)  k™1  ^{km2En(k,t)]  (2b) 

Such  proposals  were  given  by  Leith  [11]  and 
Kraichnan  and  Spiegel  [12]. 

(iii)  Integral  modelling,  relating  G  to  wide  range 
of  wave  numbers  using  some  integral 
properties.  Such  models  are  based  on  the 
assumption  that  energy  transfer  may  be 
obtained  between  wave  numbers  which  are 
remote  from  one  another.  The  relation  is 
integral  and  takes  the  form: 


G(k,t)  .  B(t)  [/  X(k,E)dk]°  /  Y(k,E)dk  (2c) 

0  k 

where  X,  Y  denote  various  functions.  Such 
proposals  were  given  by  Heisenberg  [13], 
Obukhoff  [14],  Von  Karman  [15],  Ellison  [16] 
and  Oagstad  [17]. 

Physical  intuition  suggests  that  all  these  three 
proposals  are  possible.  However,  the  solutions 
obtained  by  those  models  ([7]— [17] )  are  limited  to  the 
high  wave  numbers  range  -  the  inertial  range  and  the 
dissipative  range,  and  none  of  then  can  describe  the 
energy  flux  in  the  low  wave  numbers  range  -  the  energy 
containing  range.  Usually  most  of  the  models  predict 
the  -5/3  Kolmogorov  power  low  in  the  inertial  range 
and  differ  from  one  another  in  the  dissipative  range. 

In  this  context,  it  is  worth  while  mentioning  here 
Von  Karman's  [18]  empirical  Interpolation  proposal  for 
the  energy  spectrum  in  the  low  wave  numbers  range 
(tending  to  Loitsianskii 's  fourth  power  spectrum  at 
k->0  and  to  Kolmogorov  -5/3  power  low  at  the  inertial 
range): 

k  4  2  -17/6 

E(k,t)  -  B  (£-)  C1*(S-)  ]  (3) 

e  *e 

where  B  and  ke  are  functions  of  time. 

0.  Experimental  Results.  The  Von  Karman  empirical 
formula  (T)  For  Uie  energy  spectrum  appears  to  be 
satisfactory  for  the  isotropic  homogeneous  flow. 
Other  important  quantities  which  have  been  studied  are 
as  follows: 

(i)  The  turbulent  energy  and  the  macroscale 

evolution  during  the  decay  of  isotropic 
homogeneous  field  have  been  studied 

theoretically  and  experimentally. 

Comte-8ellot  and  Corrsin  [19]  performed  a 
very  careful  study  of  this  problem.  In 
their  experimental  research  they  suggested 

an  empirical  power  low  for  the  decay  of  the 
turbulent  energy: 


e(t)  a  t~1,J 

and  growth  of  the  macroscale: 


L(t)  a  t  U-J0  (4b) 

(ii)  The  idea  of  relating  the  dissipation  c  to 
similar  quantities  of  the  low  wave  numbers 
range  is  widely  discussed  by  Batchelor  [5]. 
By  equalizing  the  time  scale  of  the  energy 
containing  range  and  the  time  scale  of  the 
dissipation,  Batchelor  suggested  the 
correlation: 

c(t)  .  A  e(t)3/2/  L ( t )  (5) 

where  A  is  a  constant  (A«o(l)).  This 
correlation  was  experimentally  tested  by 
Batchelor  and  Townsend  [19]. 

1.3  Definition  of  the  Problem 

The  purpose  of  this  paper  is  to  propose  a  model 
for  the  energy  transfer  term  F  in  Eq.  (1),  which  is 
also  suitable  for  the  low  wave  numbers  range  -  the 
energy  carrying  wave  nunber  range.  The  present  paper 
is  confined  tc  incompressible  homogeneous  flows,  and 
to  one  dimensional  spectral  analysis,  but  we  want  to 
extend  the  model  to  non-homogeneous  shear  flow  and 
tensorial  analysis  in  the  future. 

The  model  should  handle  both  isotropic  and 
non-isotropic  flows.  Although  we  are  interested  in  a 
model  for  F  (or  G),  we  shall  have  to  consider  a  model 
for  the  production  term  P  as  well,  for  non-isotropic 
homogeneous  shear  flow.  However,  the  model  to  be  used 
for  p  will  follow  the  proposal  of  Tchen  [6]  for  low 
non-isotropy,  and  not  developed  here. 

2.  FORMULATION  OF  THE  MODEL 

2.1  Properties  of  the  Model 

When  wc  consider  the  t-ansfer  functions  G  or  F,  we 
know  that  for  homogeneous  flows  this  is  the  only  term 
which  represents  energy  transfer  between  different 
wave  numbers,  rather  than  changes  in  the  energy 
content  at  a  given  wave  number.  Two  modes  of  such 
energy  transfer  are  possible.  The  first  one  is 
concerned  with  energy  transfer  without  changes  in  the 
shape  of  the  energy  spectrum  as  found,  for  instance, 
in  the  decay  of  homogeneous  isotropic  turbulence.  We 
call  this  mode  the  self-similar  energy  transfer  - 
F-j(k,t),  and  associate  it  with  the  Townsend's  energy 
cascade  and  the  universality  of  the  inertial  range. 

However,  this  mode  alone  can  not  represent  all  the 
processes  occurring  when  turbulence  is  undergoing 
changes  and  developments.  We  therefore  have  to 
consider  another  mechanism  by  which  the  shape  of  the 
energy  spectrum  changes  as  well.  Experimental 
evidence  suggests  that  when  the  shear  is  removed  from 
any  turbulent  flow,  the  spectrum  tends  towards  a 
universal  shape,  which  we  call  the  isotropic  energy 
spectrum  -  E-j(k,t).  Thus  it  appears  that  the  second 
nonsimilar  part  of  the  spectral  energy  transfer  is  the 
term  which  forces  it  to  reach  its  universal  isotropic 
shape.  We  call  this  mode  the  isotropizing  term  - 
R(k,t),  and  associate  it  with  the  interaction  between 
the  component  of  the  turbulent  velocity  or  to  the 
non-isotropy  of  the  flow.  Such  non-isotropy  may 
depend  in  spectral  space  on  a  driving  force  which  is 
related  to  the  difference  between  the  current  value  of 
E  and  the  isotropic  value  -  E-j.  Thus,  the 
difference  (E-Ei)  is  an  interpretation  of  the 
non-isotropy  in  spectral  space.  Thus  the  spectral 
energy  transfer  F  (Eq.  1)  can  be  described  as  follows: 

F(k,t)  .  Fi(k,t)  +  R(k,t)  (6) 

Models  for  the  two  terms  which  represent  the 
energy  transfer  between  wave  numbers  are  presented  in 


►  :1 


the  next  paragraphs. 


and  the  dissipation  (from  Eq.  5): 


2.2  Self-Similar  Energy  Transfer 

In  homogeneous  isotropic  flow  (P  •  0,  R  ■  0)  Eq. 
(la)  represents  the  dynamics  of  the  energy  spectrum 
during  its  similar  decay,  and  the  closure  problem  is 
reduced  to  a  proposal  for  one  term,  the  transfer 
function  Fj.  In  this  similar  field  we  evaluate  the 
first  mode  -  the  self-similar  energy  transfer. 

Heisenberg  [13]  already  realized  that  this  mode  is 
related  to  the  spectral  distribution  of  the 
dissipation.  Following  his  proposal  we  may  write: 


c(t)  .  \t  Em(t)3,2km(t)5/2 


'c  '  A  !e5/2/IL 


In  the  isotropic  case,  Eq . (1 )  reduces  to  Eq.  (la): 

-  F^fk.t)  -  2vk2E(k,t)  (] 


G(k,t)  .  -H(k,t)  2u  /  k^E (k,t)dk  (7) 

k 

where  H(k,t)  is  a  dimensionless  spectral  function 
which  we  call  "the  loading  function". 

If  we  limit  ourselves  to  high  Ret,  the  flux  in 
the  inertial  range  equals  the  dissipation  -  c(t): 


eft)  -  2v  f  k^E(k,t)dk  *  2v  /  k‘iE(k,t)dk  (8) 

0  kj 


By  substitution  of  the  relations  (10— 1  A)  in  Eq.  (laj 
and  integration  over  all  wave  numbers,  we  obtain: 

1  dEm  1  dkm  'c  Cml/2Vm3/2 

55F  SI - rEm  km  ^ 

e 

This  equation  is  analog  to  the  total  energy  decaying 
equation: 


where  kj  is  a  typical  wave  number  for  the  inertial 
range.  Therefore,  in  the  inertial  range: 

H(kj ,t)  »  1  (9a) 

On  the  other  hand,  for  very  small  k,  E->0  as  well  as 
‘  Thus  we  may  assume  that  also  F .  and  G  vanish 

for  k->0.  Since  k2Edk  is  finite  we  obtain: 


0  for  k->0 


The  actual  form  of  the  similar  loading  function  may 
be  obtained  by  studying  the  self-similar  spectral 
equation  for  the  homogeneous  isotropic  field  as 
follows: 

We  define  the  following  dimensionless  parameters: 

♦(B)  .  E(k,t)/Em(t)  (10a) 

a(k,t)  -  k/km(t)  (10b) 

where  Em(t)  and  km(t)  are  the  maximal  value  of  E  and 
its  location  respectively.  We  also  know  that  (s)  is 
a  given  function  for  self-similar  isotropic  spectrum. 
Therefore: 

*(8-1)  -  1  (11) 

and  the  turbulent  energy  can  be  described  by: 

e(t)  «  Em(t)  km(t)  Ie  (12) 

where  Ie  is  the  energy  constant: 


’e  *  J  *{t 


In  a  similar  way  we  calculate  the  macroscale: 

L(t)  ’  elTJ  J  E€(k’t)dk  *  T~  EmfrT 


In  this  equation  the  transfer  function  does  not  appear 
as  its  integral  vanishes.  However,  if  we  perform  the 
integration  from  zero  only  to  a  finite  wave  number  in 
the  energy  carrying  wave  number  range,  the  dissipation 
is  relatively  small  and  the  dynamic  Eq.  (1)  reduces  to 
Eq.  (lc): 


^(M) 


This  equation  may  be  so  arranged  (using  our  proposal 
(7)  for  G)  to  get  the  following  form: 

r 1  dEm  1  dkm-i  ,6,.,  1  dkm 

[7I  IF  Em  re(B)  ’  7m  3T  8$(b)  ’ 

(16) 

-  -  I  Em1/2km3/2  H ( 8 , t ) 
e 


Ip(B )  .  /  *(B)dB 


Eqs.  (15), (16)  may  be  rearranged  to  give: 


P--It  Em3/2km3/2(l- 


H(S,t)]> 


dkm  Cml/2km5/2  1_  r_i_i  ui= 

w  •  -  ItEn'  -itjDL-T--  (17b> 


Now  if  the  term: 


1  A™ 

S7TT  L  t 


H(B,t)]  .  y 


than  y  must  be  a  dimensionless  constant  for  similar 
energy  transfer,  and  therefore: 


H(B,t)  .  H(S) 


-  ( B ) 


I,  «  I  J*(B)d8 
1  0  8 


(13a) 


Equation  (19)  is  the  representation  of  the  self¬ 
similar  loading  function.  Alternative  representation 
of  H(e)  is: 


H(»)  -  WTT  t  /  E(k,t)dk  -  Tlek  E(k.t)]  (19a) 


By  substitution  of  this  loading  function  into  Eq.  (7), 
we  may  obtain: 


G(k,t)  .  W£  J  E(k,t)dk  -  YIek  E(k,t)]  /  k2E(k,t)dk 


This  allows  an  expression  for  the  similar  energy 
transfer: 

Fi(k.t)  -  eflf^(1"Yle)E(ll’t)"Yleki^71^]  k2E(k.t)dk 

k  mi 

Notice  that  for  the  energy  carrying  wave  numbers  range 
(k<kj),  H(k,t)  is  governing  the  spectral 
distribution  of  the  energy  transfer. 

2.3.  The  Isotropizing  Term  -  R (k , t) 


This  term  represents  additional  energy  transfer 
function  in  a  mode  which  is  not  limited  to  self¬ 
similar  spectral  energy  distribution.  We  have  already 
suggested  that  this  term  depends  on  (E-£i)  as  a 
driving  force.  Dimension  analysis  gives  the 
functional  form  which  we  propose: 

R(k,t)  -  i-  CMk.t)  -  E(k,t)]  (22) 


where  tr  is  a  typical  time  scale  for  this  process 
and  Ei  is  the  isotropic  energy  spectrum 
corresponding  to  E.  This  form  may  satisfy  our  first 
requirement  that  when  other  forces  are  not  present 
this  term  drives  E  into  its  isotropic  form  in  an 
asymptotic  way. 

We  still  have  to  evaluate  Ei.  we  give  Ei  the 
Von  Karman  universal  form  (3),  and  choosing  it's 
parameters  by  the  following  Integral  requirements: 

(i)  energy  transfer  between  large  eddies  only: 
k1  ki 

/  E(k,t)dk  .  /  EH(k,t)dk  .  e(t)  (23a) 

0  0 

(1i)  some  scale  ratio: 

ki  k1 

/  k(k,t)dk.qj  ie .  (k,  t)dk  (23b) 

0  0 

where  q  is  the  scale  ratio  to  be  determined  by 
comparison  to  experiments.  Those  integral  relations 
are  sufficient  to  determine  Ei($,km,Em). 

Another  interesting  feature  is  that  by  selection 
of  the  time  scale  r  we  may  decide  how  fast  the 
action  of  the  isotropization  terms  is,  in  comparison 
to  the  dissipation  process. 

2,4,  The  Final  Equation 

If  we  assume  that  the  expressions  for  self-similar 
transfer  (21)  and  for  the  isotropizing  term  (22)  are 
valid  also  for  non-1 sotroplc  flows,  the  final  equation 
for  E  in  the  large  eddies  region  is: 

'  P(k*t)  -  fK}  Cd-Tle)E(k,t)-YIeki£|^il]  + 

(24) 

♦  f-  CEf(k,t)  -  E(k.t)] 


>E(k,t) 

3t 


P(k,t)  ♦  F. (k , t) 

production  self  similar 
transfer 


♦  R(k,t)  (24a) 

isotropizing 

transfer 


3.  THE  ISOTROPIC  HOMOGENEOUS  CASE 

3.1.  The  Decay  Parameter  y 

The  decay  parameter  y  controls  the  rate  of  energy 
decay  and  the  growth  of  the  macroscale.  By 
substituting  (18)  into  Eq.  (17b),  we  can  see  that 
km(t)  decreases  with  time  for  positive  Y.  According 
to  relation  (13),  if  km  decreases  the  macroscale  l 
increases  as  all  the  experimental  data  suggests  and 
thus  r  must  be  positive.  On  the  other  hand  when 
YIe>l  the  maximal  value  of  E,  Em(t)  (Eq.  17a),  is 
increased  with  time,  which  is  not  at  all  realistic. 
Thus,  the  decay  parameter  y  is  bounoed  by: 

0<y<1/I6  (25) 

When  y*0  km  (and  the  macroscale)  is  constant  and  when 
y-  l/le  Em  is  constant. 

The  self  similar  transfer  has  two  subterms: 

(i)  -  f  Cd-Tle)  E(k,t)]  (26a) 

This  term  is  a  local  transfer  subterm  associated  with 
interaction  between  large  and  small  eddies. 


(11)  +f'rlek 


This  term  is  a  differential  transfer  subterm 
associated  with  interaction  between  adjacent  large 
eddies.  From  these  subterms  we  can  see  that  if  y«0, 
the  model  is  purely  local  and  as  y  increases  the  model 
becomes  more  diffusive  and  less  local. 

A  better  understanding  of  the  influence  of  y  is 
obtained  in  the  next  paragraphs. 

3.2  Self-Similar  Decay 

The  isotropic  homogeneous  case  is  governed  also  by 
Eqs.  (17a,  17b).  If  we  substitute  the  model  for 
H(k,t)  (Eq.  19a)  in  those  equations  we  get: 

KT?-  -  Yl£Em(t)1/2km(t)3/2  (27a) 

TT  *  "  Icd/Ie-T)Em(t)1/2km(t)3/2  (27b) 

For  convenience  we  replace  Em  and  km  by  the  energy 
e(t)  (Eq.  12)  and  the  integral  time  scale  te,  given 
by: 

Te(t)  *  [tR}]  ■  TTt)  (28) 

by  substitution  of  (12)  and  (28)  in  (27),  we  obtain: 


where  e g  and  Xg  are  the  values  at  time  tg,  and: 


ijLl  'll 


-k(t)  e(t) 

(28a) 

v\’s 

-(vle  ♦  0 .5 ) x 2 { t ) 

(28b) 

solution  of  (28)  is: 

wM 

x(t)  .  xQ[l  ♦  (^Ht-tg)]'1 

(29a) 

e(t)  .  e0[l  ♦  (Jr)(t-t0)]"H 

(29b) 

• 

This  equation  could  be  written  schematically: 


M  .  (YIe  ♦  0.5)  *  (30) 

The  constant  Tie  should  be  determined  by 
conparison  to  experiments.  Using  (25),  we  may  write 
the  following  limitations: 

0.67  <M<  2  (31) 

The  macroscale  (L  a  1/km)  is  easily  calculated  as  well: 


L  .  l0[l  *  (x0/M)(t-t0)]r 


N  .  1  -  M/2  (33) 

and  from  (31)  we  oOtain: 

0  <  N  <  0.67  (34) 

3.3  Comparison  with  Previous  Results 

Many  investigators  have  referred  to  the  time 
powers  M  and  N  of  Eqs.  29b  and  32  respectively.  Most 
of  the  previous  results  are  special  cases  of  the 
present  theory,  as  demonstrated  by  the  following  table: 


correlation 


Therefore, 


Reference 

M 

N 

Tle 

Theoretical 

Korneyev  and 

Sedov  [20]  -  A 

1 

0.5 

0,5 

Hinze  [21]  -  • 

1.2 

0.4 

0.33 

Kolmogorov  [22]"  -  ■ 

1.428 

0.286 

0.2 

Experimental 

Batchelor  [5]  -  A 

Comte-Bellot 

1.0 

0.5 

0.5 

and  Corrsin  [18]  -  O 
Tan  and  Lino 

1.3 

0.38 

0.27 

(final  decay)  [23]  -□ 

2.0 

0.0 

The  dependence  of  M  and  N  on  the  decay  parameter  is 
shown  in  Fig.  1  as  well  as  some  of  the  values  given  in 
the  above  table. 

The  most  suitable  value  of  vie  for  the  isotropic 
decaying  field  appears  to  be  vie  *  0.27  as  carefully 
measured  by  Comte-Bellot  and  Corrsin  [18]. 

3.4  The  Decay  of  the  Energy  Spectrum 

If  we  considered  the  energy  carrying  wave  number 
range  in  the  homogeneous  isotropic  case  and  substitute 
our  model  for  Fi,  we  obtain  from  Eq.  (24): 

-  -  f[^(l-Tle)E(k,t)-Tlek3E-^]  (35) 

Using  the  Von  Karman  spectrum  (3)  as  an  initial 
condition,  the  detailed  evolution  of  the  energy 
spectrum  can  be  solved.  Some  modes  of  the  spectral 
decay  are  shown  in  Figs.  2-4  for  vie  *  0.  0.27, 
0.5.  From  those  figures  we  can  see  that  the  bigger 
eddies  became  more  and  more  permanent  as  y  increases. 
In  Fig.  5  we  can  see  that  the  self  similar  transfer 
function  -  Fi,  becomes  more  intensive  in  the  higher 
wave  numbers  and  less  energy  tranfers  from  lower  wave 
numbers  as  t  increases. 

Comparison  of  the  present  results  for  vie  ■  0.27 
with  Sato's  [24]  experimental  results  is  shown  in  Fig. 
6.  The  agreement  is  good. 

4.  THE  HOMOGENEOUS  CASE 


distinguish  between  the  isotropic  case  and  non¬ 
isotropic  case  only  by  the  shapes  of  the  spectrum 
functions.  Generally  we  shall  assume  that  the 
isotropic  energy  spectrum  is  given  by  (3). 

We  consider  two  cases  of  homogeneous  flows.  The 
first  one  is  such  that  the  spectrum  is  different  from 
the  isotropic  spectrum  due  to  the  previous  history  of 
the  flow,  but  without  production.  In  the  second  case 
we  study  the  homogeneous  full  developed  shear  flow. 
In  such  steady  flow,  their  is  a  constant  strain: 

du, 

*  const.  ,  U£  «  u^  •  0  (36) 
4.1  Isotropizing  of  Non- Isotropic  Flow 


In  this  case  the  production  is  zero,  but  all  other 
terms  of  (24)  is  finite.  Assuming  that  the 
isotropizing  process  is  faster  than  the  self-similar 
energy  transfer,  we  obtain: 


where  tf  .  e(t)/c(t)  (»xe)  is  the  time  scale  of 

the  self-similar  transfer.  In  addition,  for  the  first 
period  of  the  isotropizing,  (E-Ei)  is  big  enough  to 
assume  R > >F i .  Concentrating  in  the  energy  carrying 
wave  number  range,  Eq.  (24)  reduces  to: 


aEJLt)  .  i-CE^k.t)  -  £(k,t)] 


This  interpretation  assumes  that  the  spectrum  tends  to 
its  isotropic  shape  much  faster  than  its  lost  energy. 

Thus  Eq.  (38),  with  the  integral  conditions  (23), 
can  be  solved  numerically  for  any  arbitrary  initial 
energy  spectrum.  We  perform  to  illustrate  this 
process  with  double  hump  initial  energy  spectrum  and 
for  q»l  (L  is  constant  during  the  isotropizing).  The 
results  are  shown  in  Fig.  7  where  various  spectra  for 
advancing  time  are  plotted.  The  spectrum  appears  to 
tend  to  its  isotropic  form  in  a  continuous  way. 

4.2  The  Homogeneous  Steady  Shear  Flow 

This  is  a  case  where  all  terms  in  Ed-  (24)  are 
significant.  Therefore  the  production  P(k)  should  be 
formulated.  Basically  the  production  is  a  tensorial 
term.  For  the  case  where  the  mean  velocity  is  given 
by  (36)  the  production  is  given  by: 

»E,  i  du, 

pi,i-(ki-^-2Ei,2>cr4  (39) 

Tchen  [6]  has  modelled  this  expression  for  the  case  of 
low  production  (one  dimensional  model): 


P(M  -  s(^)  [E(k)/k  ]  (40) 

where  «  is  a  free  parameter.  This  model  is  suitable 
only  for  low  non-isotropy. 

If  we  assume  that  Fi  and  R,  which  were 
introduced  in  the  previous  cases  are  the  only  terms 
which  represent  energy  transfer  between  wave  numbers 
and  limit  our  attention  to  the  fully  developed  steady 
case,  Eq.  (24)  with  Tchen  model  (40)  gives  a  steady 
balance  equation  for  the  energy  carrying  wave  number; 
range: 


^4)CE/k3]  -  V'1-^  -  ^  ■  ° 


The  flows  discussed  here  are  not  isotropic. 
However,  we  still  consider  the  trace  of  the 


du,  -1 

where  t  •  (--—=•)  is  a  time  scale  for  the  production. 

P 

If  we  limit  ourselves  to  the  simple  case  v  «  0,  Ed. 
(41)  becomes  algebraic: 

1  du.  ^  1/2  i  -1 

7  (^[E/k3]  -i-E(k.t)  ♦i-(Ei-E)  -0  (Ala) 

Tp  OXj  Tf  Tr  1 

The  solution  of  Eq.  (41a)  is: 

E(k)1/2  .  ^  [9k'3/2  ♦  [9V3  +  4ii€i(k)]1/2  (42) 


9’Tr/Tp(37")  (424) 

D-.(^+l)  (42b) 

Tf 

This  solution  shows  that  the  energy  spectrum  for  homo¬ 
geneous  shear  flow  depends  on  the  isotropic  universal 
spectrum.  Limitation  of  (42)  to  low  non-isotropy  case 
gives: 


i«i 


It  is  easy  to  find  the  asymptotic  form  of  (42).  Thus 
for  vanishing  small  k,  E  depends  on  the  production 
model  (40): 

E  (k  )  «  (f)V3  (44) 

Clearly,  this  solution  Is  not  valid  for  k->0,  but 
otherwise  it  may  be  used.  For  very  large  k  (below 
kj)  we  obtain: 

E(k)  -  i  Ei(k)  (45) 

This  solution  indicates  that  as  Ei  follows  the  -5/3 
power  low  so  does  E,  and  the  high  wave  numbers  range 
is  universal  while  for  lower  wave  numbers,  the 
Influence  of  the  production  is  increased. 

Equation  (42)  is  a  balance  equation  between  the 
three  following  terms:  (i)  The  production,  ( i  1 )  The 
isotropizing  (diffusive),  (Hi)  The  self-similar 
transfer  (diffusive).  In  Fig.  8  we  give  the  spectral 
energy  balance  for  the  energy  carrying  wave  numbers 
range,  under  the  limitation  (43).  In  this  energy 
balance,  the  total  production  -  p  is  equal  to  the 
dissipation  -  c. 

Physical  Interpretation  of  this  balance  is  that 
the  energy  is  generated  at  lower  non-dissipatlve  wave 
numbers.  The  isotropizing  term  transfers  energy  from 
the  production  region  to  higher  wave-numbers  (below 
kr)  and  the  self-similar  term  transfers  energy  to 
dissipative  wave-numbers  (above  kj). 

5.  CONCLUSIONS 

The  paper  deals  with  the  spectral  energy 
equation.  We  propose  two  diffusive  mechanisms,  for  a 
similar  energy  transfer  and  for  Isotropizing.  The 
‘undamental  property  of  the  self-similar  energy 
transfer  is  to  preserve  the  original  shape  of  the 
energy  spectrum  and  transfers  energy  to  the 
dissipative  range.  The  Isotropizing  transfer 
mechanism  changes  the  spectral  energy  distribution  and 
takes  place  only  in  the  energy  containing  range. 
These  mechanisms  are  formulated  and  used  to  describe 
three  different  cases.  In  steady  homogeneous  shear 


flow  turbulence  an  energy  balance  exists  between  the 
production,  the  isotropizing  and  self-similar  energy 
transfer.  when  the  production  is  stopped  the 
isotropizing  mechanism  governs  the  spectrum  and  when 
the  spectrum  becomes  isotropic,  the  energy  spectrum 
decays  in  a  similar  way. 

We  believe  that  extension  of  the  model  to  the 
tensorial  equations  does  not  pose  any  serious 
difficulties. 
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DECAY  PARAMETER-  PI* 

Fig.  1.  The  dependence  of  M  and  N  on  the  decay 
parameter  -  y. 
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Fig.  5.  The  dependence  of  the  transfer  function  F(k) 
on  the  decay  parameter  -  y. 


SAT  0‘S  EXPERIMENT 
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Fig.  2.  The  decay  of  the  energy  spectrum  for  TIe-0. 
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Fig.  6.  Comparison  of  the  decay  of  the  spectral 
components  with  Sato's  experiment. 
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Fig.  3.  The  decay  of  the  energy  spectrum  for 
vles0.27 . 
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Fig.  7.  The  isotropizing  process. 
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Fig.  4.  The  decay  of  the  energy  spectrum  for  yle“0.5. 
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Fig.  8.  Spectral  energy  balance  in  homogeneous  shear 
flow  turbulence. 
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ABSTRACT 

The  use  of  renormalisation  methods  in  turbulence 
theory  is  discussed.  A  renormalised  perturbation 
theory  (McCoab  1978)  is  used  to  calculate  the  stat¬ 
istical  parasMters  of  freely-decaying  isotropic 
turbulence.  Some  preliminary  results  show  that  the 
theoretical  spectra  are  in  good  agreement  with  experi¬ 
mental  results.  Also,  some  preliminary  results  are 
presented  for  the  isotropic  part  of  the  effective 
viscosity  calculated  by  a  new  technique  of  Iterative 
Averaging  (McCoab  1982) . 

INTRODUCTION 

As  is  well  known,  the  fundamental  problem  in  the 
theory  of  well-developed  turbulence  is  the  need  to  close 
Che  infinite  hierarchy  of  moment  equations,  which  is 
generated  when  one  averages  the  equation  of  motion. 

This  closure  problem  stands  in  the  way  of  engineering 
calculations  and  fundamental  studies  alike.  In  the 
first  case,  it  is  normally  seen  as  the  need  to  relate 
single-point  quantities  (e.g.  the  mean  velocity,  the 
Reynolds  stress)  to  each  other.  In  the  second,  it 
involves  two-point  quantities  and  is  usually  restricted 
to  isotropic  turbulence,  where  the  mean  rate  of  shear  is 
zero  and  the  moment  hierarchy  may  be  studied  in 
isolation.  In  this  paper  we  are  concerned  with  the 
fundamental  problem  and,  in  particular,  with  reporting 
some  new  results  obtained  by  using  renormalisation 
methods. 

Originally  renormalisation  was  the  procedure  for 
removing  che  divergences  chat  occur  in  the  Feynman  graph 
expansion  of  quantum  electrodynamics.  The  term  hes 
now  spread  to  other  methods  of  handling  perturbation 
expansions  -  mainly  in  statistical  mechanics  -  and  che 
general  approach  may  be  conveniently  referred  to  as  re¬ 
normalised  perturbation  theory  (RPT) . 

The  application  of  renormalisation  methods  to 
turbulence  began  with  Kraichnan  (1959),  who  used  RPT  to 
obtain  the  Direct-Interaction  Approximation  (DIA) .  The 
main  advance  of  this  work  was  that  che  realisability  of 
the  theory  was  assured  (i.e.  spectra  would  always  be 
positive).  Its  main  success  has  been  its  ability  to 
predict  the  decay  of  grid  turbulence  at  low-co-moderate 
microscale  Reynolds  numbers,  without  recourse  to 
adjustable  constants  or  ad  hoc  assumptions.  However, 
et  high  Reynolds  numbers,  DIA  fails  to  yield  the 
Kolmogoroff  (k~$/3)  spectrum. 

Of  course  nowadays  there  is  some  debate  about 
whether  compatibility  with  che  Kolmogoroff  spectrum  is  a 
crucial  test  for  a  turbulence  theory.  It  is  argued 
chat  when  intermittency  is  taken  into  account,  the 
exponent  may  not  be  exactly  5/3.  we  shall  make  only 
two  points  about  this  here.  First,  the  experimental 


confirmation  of  k  ^  at  large  Reynolds  numbers  means 
that  a  failure  to  agree  closely  with  Rolmogoroff  implies 
a  failure  to  agree  with  experiment.  Second,  there  are 
some  grounds  for  believing  that  k"5/3  may  be  the 
rigorous  solution  for  a  second -order  closure,  in  the 
limit  of  infinite  Reynolds  numbers. 

Kraichnan' s  DIA  had  a  dramatic  effect  on  the  sub¬ 
ject  and  many  papers  followed  during  the  1960s  and  early 
1970s.  A  general  discussion  may  be  found  in  the  book 
by  Leslie  (1973).  In  all  cases,  these  theories  - 
mostly  self-consistent  methods  -  gave  the  same  energy 
equation  as  DIA.  But  in  some  cases  che  equation  for 
the  renormalised  response  (or  propagator)  function 
differed  from  the  DIA  form.  However,  with  only  two 
exceptions,  these  theories  also  failed  to  give  che 
Kolmogoroff  spectrum. 

The  two  exceptions  are  the  Abridged  Lagrangian- 
History  form  of  DIA  (ALHDI  :  Kraichnan  1965)  and  the 
Entropy  Maximisation  of  Edwards  and  McComb  (1969). 

Both  these  theories  have  their  disadvantages;  namely 
great  complexity  and  che  need  for  ad  hoc  simplificat¬ 
ions.  However  ALHDI  gave  good  results  at  large 
Reynolds  numbers. 

More  recently,  a  new  version  of  the  Lagrangian- 
History  approximation,  Strain-Based  ALHDI  (or  SBALHDI) 
has  proved  able  to  give  accurate  predictions  of  freely- 
decaying  isotropic  turbulence  at  both  low  and  high 
Reynolds  numbers  (Kraichnan  and  Herring  1978;  Herring 
and  Kraichnan  1979) . 

In  this  paper  we  shall  present  some  preliminary 
results  for  freely-decaying  isotropic  turbulence,  as 
calculated  using  the  Local  Energy  Transfer  (LET)  theory 
(McComb  1974,  1976,  1978).  This  theory  is  a  purely 
Eulerian  closure  which  differs  from  DIA  by  the  presence 
of  an  additional  term  in  the  response  equation.  It  is 
compatible  with  the  Kolmogoroff  spectrum  in  che  infinite 
Reynolds  number  limit. 

Finally,  in  recent  years,  the  success  of  Renorm¬ 
alisation  Group  (RG)  theory  in  critical  phenomena 
(Wilson  1975)  has  led  to  a  drift  away  from  RPT  appro¬ 
aches  to  RG  methods.  So  far  RG  Theory  has  generally 
only  been  applied  to  some  rather  restricted  problems 
(e.g.  see  the  review  by  Kraichnan  1982)  but  more  ambit¬ 
ious  approaches  have  been  the  applications  to  sub-grid 
modelling  for  scalar  transport  (Rose  1977)  and,  by  a  new 
method  of  averaging  (Iterative  Averaging  :  McComb  1982), 
to  shear  flows.  We  shall  also  present  some  preliminary 
calculations  of  eddy  viscosities  from  che  latter  theory. 

THE  STATISTICAL  EQUATIONS 

Let  us  consider  an  incompressible  fluid  occupying  a 
cubical  box  of  side  L.  At  a  later  stage  we  shall  cake 
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the  limit  L  •*  »  (which  i*  required  for  rigorous 
isotropy)  and  sumac  ion  will  then  be  replaced  by 
integrals.  If  we  lec  Che  velocicy  field  be  Ua  (x,c), 
Chen  che  Fourier  components  of  this  are  defined  by 

Ua  (x.t)  -[ta  (k.t)  e1--  .  (1) 


*  V  *QB>a.  (i.k-i.k';t.t.t')).(10) 

where  Q,^  is  a  criple  moment,  defined  by  analogy  with 
(5)  .  If  we  attempt  to  obtain  an  equation  for  QaS>  chen 
it  will  contain  che  fourth-order  moment  QagY<5:  and  so 
on.  This  is,  of  course,  the  closure  problem. 


The  equation  of  mocion  may  be  written  as 

(7E  *  Vo  k2)  Va  <*•*>  *  <k)  * 

lM*sy  (*>  °6  (i*t)  °Y  (iri*e).  (2) 

where  vg  is  che  molecular  kinematic  viscosity,  IT  (k)  is 
an  external  pressure  gradient,  and  che  inertial  transfer 
operator  H  (k)  is  defined  by 


“oar  *  (2i)_1  {k8  Doy  <k>  *  ky  Daa  <k)}  (3) 


and 
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The  pair  correlation  of  velocities  may  be  defined,  thus: 


<£)3  <Ua  4-e>  UB 


Qag  (k;t,t*).  (5) 


where  <  >  means  average  value.  For  isotropic  turb¬ 
ulence,  che  correlation  function  Q  (k;t,c')  may  be  int¬ 
roduced  through  the  relationship 

QaB  Oc ; t , t ' )  -  Dag  (k)  Q  (k;  t,f).  (6) 

In  theoretical  work  it  is  normal  to  use  the 
ensemble  average.  For  reasons  which  will  emerge,  we 
shall  discuss  time-averages  and  we  shall  represent  these 
by  either  overscores  or  Dirac  brackets  as  convenient. 

For  quasisceady  flows,  che  average  with  respect  to  time, 
is  defined  as  T 

\  (k.t)  -  ^  [  Ua  (k.fs)  ds.  (7) 

-T 


The  averaging  period  2T  must  be  long  enough  to  smooth 
out  che  fluctuations  associated  with  che  turbulent 
cascade  but  must  also  be  shorter  chan  che  time-scale 
associated  with  any  external  time-dependence  that  we 
might  wish  to  study. 


Traditionally,  engineering  applications  have 
focused  on  equation  (9)  and  various  hypotheses  have  been 
used  to  relate  che  Reynolds  stresses  Qag  to  che  mean 
velocicy  Ua.  Generally  che  idea  of  an  effective  vis¬ 
cosity  has  been  most  valuable.  In  recent  years,  such 
hypotheses  have  been  extended  to  single-point  versions 
of  (10),  in  order  to  develop  relationships  beeween  the 
various  components  of  Qag,  the  dissipation  race,  and  che 
mean  velocity. 

In  contrast,  fundamental  studies  have  concentrated 
on  isotropic  turbulence,  where  we  may  cake  U  >  0  (more 
strictly,  its  spatial  gradient  is  zero  and  chen  we  can 
transform  to  a  co-ordinate  system  moving  with  the  mean 
velocity).  Under  these  circumstances  equation  (9) 
becomes  irrelevant  and  equation  (10)  reduces  to: 

*  V0  k2)  Q(k;t-t,)  •  jMc6y  (k> 

*  ^Byo^i’3i”i’“i;e’t't,^>  ^1) 

with  corresponding  equations  for  the  third  and  higher 
moments. 

He  shall  touch  on  both  approaches  in  this  paper . 

In  the  next  section  we  discuss  the  LET  theory  for  iso¬ 
tropic  turbulence. 

THE  LOCAL  ENERGY  TRANSFER  (LET)  THEORY 

Theories  of  isotropic  turbulence  are  generally  for¬ 
mulated  in  the  following  way.  At  some  time  in  the  re¬ 
mote  past,  we  assume  that  the  nonlinear  term  is  switched 
off  and  that  the  velocity  field  U^°)  (k,t)  results  from 
the  action  of  random  stirring  forces,  which  are  taken  to 
have  a  normal  distribution.  The  assumption  of  normal 
(or  Gaussian)  statistics  allows  one  to  work  out  all  the 
moments  of  the  zero-order  field  in  terms  of  Q^0* .  Under 
these  circumstances,  we  can  introduce  the  zero-order 
propagator  ,  such  that 

U^0)  (k.t)  -  (k; t , s)  U^0)  (k,s),  (12) 

a  —  ac  —  a  — 

where  satisfies 


The  formulation  of  statistical  equations  is  well 
known  and  proceeds  as  follows.  Let  us  represent  ths 
instantaneous  velocity  field  as  che  sum  of  a  mean  and  a 
fluctuation  from  the  mean,  thus: 

U  (k.t)  -  U  (k.t)  ♦  u  (k.t)  ,  (8) 

a  —  a  —  a  — 

where  u  (k.t)  is  the  fluctuating  field.  Substitution 
of  (8)  into  (2)  and  averaging  using  (7)  yields 

(r~  ♦  v  k2)  0  (k.t)  -  n  (k)  ♦ 

9 1  o  a  —  at  — 

?  Mae>,  (k)  (Ug  (j_,t)  Uy  (k-i.t)  ♦  (-^)3  Qgy  (k,t)>.  (9) 

This  is  a  form  of  Reynolds  equation  but  is  only  valid 
away  from  solid  boundaries,  as  we  have  neglected  che 
surface  integral  terms  when  eliminating  the  internal 
pressure. 

Also,  subtracting  (9)  from  (2),  multiplying  by 
u3,  (k',t')  and  averaging,  yields  che  general  equation 
for  the  fluctuating  field 

(Ti  *  Vo  kJ)  Qoa-  Ck*k':t’t')  *  ^  Ma6Y(k){2UY(i,t) 


*  Vo  k2)  Ha8  “  Da8  (-]  6  <e-f>  ,(13) 

and  has  the  properties 

H(o)(k;t,s)H(°)(k;s,t’)-H^)(k;t,t')-D^|,(k)H(o)(k;t,t') 
ao  —  a  6  —  He  —  ac  — 

(k;t,t)  *  1.  (14) 

If  we  now  switch  on  the  nonlinear  terms,  then  che 
modes  of  the  zero-order  field  become  coupled  together  in 
a  systematic  fashion.  Thus  the  exact  velocicy  field 
Ua  (k, t)  is  obtained  from  the  sum  of  interactions  of  the 
zero^order  field.  And,  as  all  the  moments  of  the  zero- 
order  field  can  be  evaluated,  the  exact  correlation  Q  is 
given  by  the  sum  of  a  corresponding  expansion  in  terms 
of  H<°>  and  Q<°>. 

Formal  analyses  of  che  primitive  perturbation 
series  show  chat  renormalisation  is  achieved  (to  second 
order)  by  replacing  and  Q'0^  by  their  exact  forms 

H  and  Q,  and  retaining  terms  quadratic  in  Q.  In  OLA  a 
separate  equation  is  derived  for  (strictly  G(0',  in 

Kraichnan's  notation  :  G^°*  relates  infinitesimal 
changes  in  the  velocity  field  to  the  corresponding  inf¬ 
initesimal  changes  in  the  stirring  forces).  Renorm- 
alisation  of  this  second  equation  is  achieved  in  che 


same  way  (Q^  •*  Q  ;  G^  -  G)  and  carat  quadratic  in  G 
ara  racainad. 

In  LET,  tha  aquaciont  for  both  Q  and  H  are  obtained 
directly  froa  che  primitive  series.  Renormalisation  is 
anticipated  by  introducing  che  exact  propagator  form¬ 
ally.  By  analogy  vich  equation  (12),  H  is  introduced 
by 

0  (k.t)  -  H  (k;t,s)  0  (k.s) 

a  —  oo  —  o  — 

-  Do(j  (k)  H(k;c,s)  Uo  (k.s),  (15) 

with  properties  analogous  to  those  given  by  equations 
(14)  for  H<°>. 

The  derivation  of  the  LET  equations  for  H  and  Q  may 
be  found  elsewhere  (McComb  1978) .  Here  we  quote  che 
result  for  isotropic,  non-stationary  turbulence  as 
follows: 

♦  vQ  k2)  H(k;c, t')  -  W(k;t,t’>,  t’<t  (16) 


(aT  *  vo  k2)  *  P(k; t,t *) . 


The  inertial  transfer  terms  W  and  F  are  given  by 


W(k;t,c') 


d3i  Scju 


X  Jd*  H(k;  t '  ,s)  Q(j;t,s)  Q(  |k-jj ;  tts) 
■°  Q(k;s,s) 

-  Ids  H(k;s,t')  H( j ; t ,s)  Q( |k-j| ;t,s) 


P(k;t,t')  ■  d3j^  Stj 


ft' 

ds  H(k;  t ' ,  s)  Q(j;t,s)  Q(  I k~jj  ;  t,  s) 


ds  Q(k;s,c')  H(j;t,s)  Q( I k-j | ; t, s)  ,  (19) 


Spectrum  V:  E(k,o)  •  2n  k"5^3.  (22) 

Spectra  1,  II,  and  III  were  identical  to  spectra  B, 
C  and  D  of  Kraichnan  (1964).  The  LET  equations  were 
computed  using  each  of  these  initial  spectra  to  give 
evolved  microscale  Reynolds  number  R^  20.  In  general 
LET  was  found  to  behave  much  like  DIA,  with  evolved 
spectra  becoming  independent  of  initial  spectrum  shape 
and  also  showing  self-preservation.  However,  LET  gave 
higher  values  of  energy  transfer  and  of  evolved  skewness 
factor  than  DIA. 

Spectrum  IV  was  chosen  in  the  light  of  comments  by 
Van  Acta  and  Chen  (1969)  to  test  the  effecc-of  a  lower 
value  of  che  peak  wavenumber.  In  this  case  (Ct  ■  0.4, 
C2  ■  1 ,  C 3  *  0.5,  Ci,  “  1)  calculations  were  made  for  an 
evolved  Rx  ^  40.  The  results  for  the  one-dimensional 
dissipation  spectrum  k2  t ,  (k,t)  are  shown  in  Fig.  1 
where  they  are  compared  with  the  DIA  value  and  with  some 
representative  experimental  results.  Here  u(t)  is  che 
RMS  velocity  and  k^  is  a  characteristic  wavenumber 
(Kraichnan  1964)  . 
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FIG.  1  Comparison  of  evolved  one-dimensional 

dissipation  spectra  at  moderate  values  of 

Rx- 

Computed  results  for  Spectrum  IV  at 

tu(0)/L(0)  -  1.0  :  -  ,  LET,  Rx  -  38.2; 

-  ,  DIA,  Rx  -  40.5. 

Experimental  results:  V,  Rx  •  39.4,  x/M  • 

30  (Stewart  &  Townsend  1951)  ;  0,  Rx  *  49.0 
and  •,  Rx  •  35.0  at  x/M  »  48  (Chen  1968)  ; 
6,  R^  »  38.1,  x/M  *  240  and  i,  Rx  *  36.6, 
x/M  *  385  (Comte-Belloc  &  Corrsin  1971)  ; 

T,  Rj  »  45.2,  x/M  •  174.4  (Frenkiel  4 
Klebanoff  1971). 


L-.  ■  [u(k2+j2)  -  kj(l+2u2)]  (l-u2)kj 

*3U  -  ,  (20) 

k2  ♦  j2  -  2kju 

and  u  is  the  cosine  of  che  angle  between  the  vectors  k 
and  j_. 

It  should  be  noted  that  equations  (17)  and  (19)  are 
identical  (nocational  differences  aside)  to  che  corr¬ 
esponding  DIA  equations,  whereas  (16)  and  (18)  differ 
from  their  DIA  equivalents  by  che  presence  of  che  first 
term  (i.e.  the  one  containing  Q"1)  on  the  right-hand 
tide  of  (18)  for  W(k;c,c'). 

Equations  (16)  and  (17)  were  integrated  forward  in 
time,  from  a  variety  of  initial  conditions,  using  the 
methods  previously  used  by  Kraichnan  (1964)  for  DIA. 

Full  details  will  be  given  elsewhere  so  we  shall  just 
si  if  arise  some  interesting  features  here.  Four  of  the 
trial  speccra  were  of  the  fora 

Spectra  I-IV:  E(k,o)  -  C,  kCz  exp(-C3  kC“),  (21) 

where  C(  -  Cu  are  constants.  The  fifth  initial 
spectrum  was  given  by: 


The  remaining  results  in  this  section  are  from  the 
calculations  at  high  Reynolds  numbers.  Spectrum  V  was 
computed  for  an  evolved  Rx  ■'<  533.  In  Fig.  2  we  show 
the  evolution  of  the  one-dimensional  spectrum  plotted  as 
(k/ks)^/3  dj  (k,t)/(c  v3).  against  k/ks,  where  c  is  the 
dissipation  rate  and  ks  is  the  Kolmogoroff  wavenumber. 

In  Fig.  3  we  show  the  evolved  one-dimensional  spectrum 
compared  with  experimental  results  from  four  different 
investigations.  Clearly  the  spectrum  calculated  from 
LET  agrees  quite  well  with  the  measured  speccra. 

Finally,  in  Fig.  4  we  compare  the  evolved  spectrum 
with  the  computed  spectra  using  ALKDI  and  SBALHDI 
(Herring  and  Kraichnan  1979)  and  with  some  represent¬ 
ative  experimental  results.  By  plotting  k 3/3  (k,t) 

we  show  up  differences  more  clearly  than  on  the  plot  of 
♦j  (k,t)  against  k.  Even  so,  the  three  theories  agree 
quite  well  with  each  other  and  with  experiment  within 
the  scatter  of  the  experimental  data.  It  is  note¬ 
worthy  that  LET  agrees  more  closely  with  SBALHDI  than 
with  ALHDI.  A  comparison  of  all  four  theories  (LET, 
DIA,  ALHDI  and  SBALHDI)  at  low  Reynolds  numbers 
(Spectrum  III:  R\  *  19.0)  showed  that  the  agreement 
between  LET  and  SBALHDI  was  significantly  closer  than 
that  between  any  other  pair  of  theories. 
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FIC.  2  Evolution  of  normalised  one-dimensional 
energy  spectrum  :  Spectrum  V. 


ITERATIVE  AVERAGING  AND  RG 

RG  theory  involves  the  progressive  scaling  away  of 
Che  highest  wavenumbers,  whose  effect  on  smaller  wave- 
numbers  can  be  retained  in  average  form,  as  a  contrib¬ 
ution  to  a  transport  coefficient.  When  the  system 
becomes  invariant  under  such  transformations  it  is  said 
to  have  reached  a  fixed  point.  In  general  this  fixed 
point  corresponds  to  a  critical  point. 

Rose  (1977)  has  applied  RG  theory  to  the  sub-grid 
modelling  of  passive  scalar  convection.  However  the 
method  can  readily  be  generalised  to  the  mathematically 
similar  problem  of  obtaining  an  equation  for  the  mean 
velocity  from  equation  (2).  The  procedure  consists  of 
three  stages  as  follows: 

(1)  Divide  up  the  velocity  field  into  u*  (k,t) 
and  u*  (k, t)  where  u*  are  the  modes  such  that 
k  >  k0  (say).  Eliminate  the  high-k  modes  by 
solving  equation  (2)  for  u*  and  substituting 
into  the  equation  for  u* . 

(2)  Average  over  the  high-k  modes. 

(3)  Re-scale  k,  t,  and  u*  so  chat  the  new  equation 
looks  like  equation  (2).  This  step  involves 
the  introduction  of  renormalised  transport 
coefficients. 

We  shall  return  to  Rose's  formulation  later  in 
ordar  to  coa^are  it  with  our  own  (McComb  1982) . 

Lac  us  now  reconsider  Che  problem  of  solving 
equation  (2)  for  the  mean  velocity.  We  replace  the 
Reynolds  averaging  (aquations  (7)  -  (9))  by  the  foll¬ 
owing  procedure.  We  introduce  the  iterative  averaging 
technique  by  defining 


<U(t)> 


U(t*s)  sinc(irs/T  )  ds, 
n 


where  einca  *  a  1  sina  and  r  is  a  member  of  the  set 

(t  ,  t,...  t  ...)  such  that  ?  <  r .  <....<  t  .  The 
o  1  n  n 


~  101 


10  10  J  io‘  10  10”  10" 

k/ks 

FIG.  3  Comparison  of  evolved  one-dimensional 

energy  spectrum  with  experimental  results. 

Theory:  -  ,  LET,  R*  v  533. 

Experiments:  0,  •,  A,  A,  R^  v  2000  (2/2/60, 
Grant  et  al.  1962) ;  ■  ,  Rx  v  538  (Kiscler 

6  Vrebalovich  1966);  7,  Rx  ^  308  (Uberoi  S 
Freymuth  1969);  a  ,  R*  ■v  850  (Coantic  & 
Favre  1974). - ,  k*5/3. 


averaging  over  t0  smoochs  out  frequencies  greater  than 

w  ■  */ t„.  And  so  on,  for  r,  ...  r  .... 

0  °  1  n 

We  now  wish  to  develop  an  iterative  solution  for 
the  mean  velocity.  We  divide  up  the  velocity  field  as 
follows: 

U(t)  -  U_(t)  +  U*(t)  (24) 


<U(t)>  -  U  (t) 

n 


<U  (c)>  -  0.  (26 

n 

Let  us  begin  with  n  *  0  and  take  T  to  be  small. 

If  we  Fourier-transform  (23)  into  the  frequency  domain 
we  obtain 

< U(u>) >  -  A  (w)  U(to)  (27 

0  o 

where  A 0(u>)  is  the  Fourier  Transform  of  aQ(t)  and  we 
have  used  the  convolution  theorem.  Then 

U+(ui)  -  { 1— A  (tu) }  U(w)  (28 


and  hence  taking  positive  w, 


.  -".nV 
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FIG.  4  Comparison  of  evolved  k5^3  Aj  (k,t)  with 

other  cbaoratieal  and  experimental  results. 

Theory:  — —  ,  LET; - -  ,  ALHDI  and 

— — - —  ,  SBALHDI  (Herring  4  Kraichnan 

1979)  . 

Experiment:  0.  •,  4,  A  (Grant  £t  al.  1962); 
■  (Kistlar  A  Vrebalovich  1966) ;  V~ ftlberoi  6 
Freymuth  1969) ;  a  (Coantic  A  Favra  1974) . 


U  (u)  ■  0  for  0  <  ui  <  »/t 
-  —  0 

»  U(w)  for  it/t  <  u  <  m  .  (29) 

o 

Noting  that:  (a)  U*  it  full  coaparad  to  U~;  and  (b)  tha 
dacay  of  U*  is  controllad  by  vQ  (togathar,  thasa  con¬ 
ditions  ara  our  critarion  for  tha  choica  of  t„) ,  ws 
substitute  (24)  into  (2)  and  avaraga  each  tarn  using  (23) 
with  n  •  0.  Tha  rasulting  aquation  for  U~  is  than  sub- 
tractad  froa  (2)  to  giva  an  aquation  for  U*.  Tha  sol¬ 
ution  for  0*  (which  contains  only  fraquancias  »  ir/i0) 
uy  ba  obtainad  using  tha  zaro-ordar  (viscous)  Grsan 
function. _  Than  substituta  for  U*  back  into  tha  aquat¬ 
ion  for  U  -  tha  rasult  being  an  increaantal  change  to 
tha  viscosity  vQ  -  v  ♦  4  vQ  -  rtnau  U  -  U  and  rapaat 

for  r,  >  t  . 

*  o 

Altar  tha  first  iteration,  aquation  (2)  becoaes 
(McComb  1982), 

{£  *  voki*|d3i  KjU(V2)'l<(l!ril.'>>Vk.t> 

-  na(k)  ♦  £  MaBT(k)B‘(i,t)0'(|k-i|,t),  (30) 

where  Qj  is  defined  by  analogy  with  Q  as  given  by  aquat¬ 
ion  (5)  and  Lfcjw  is  given  by  aquation  (20).  Using  tha 
same  notation,  Rosa's  (1«77)  method  gives  aquation  (2) 
in  tha  fora 


"a(k)  *  J  Ma6',(^)UB<i,C)UY(|-‘j-l’t) 

*  2£  ..Modv(^Mfl8'r'(i)(V2)‘1 
J.’2 


x  U^k-i.OUg.Ci’.tJU^.Ci-i'.t)  .  (31) 

where  a  plus  superscript  on  a  quantity  indicates  that 
tha  corresponding  wavenuabar  argument  is  greater  than 
k^.  The  connection  between  the  two  uy  be  made  using 
tha  wall  known  Taylor  hypothesis  of  frozen  convection, 
thus:  kU  •  u>,  where  U  is  tha  local  man  velocity. 
Evidently  equation  (31)  uinly  differs  from  the  pre¬ 
ceding  equation  in  that  it  contains  the  low-k  triple 
product  Hll  on  the  righthand  side. 

This  difference  assumes  greater  importance  as  the 
iteration  proceeds.  We  choose  the  averaging  times  to 

be 


where  h  satisfies  0  <_  h  <_  1  and  r  •  (v  /t)*,  e  being 
the  energy  dissipation  rate.  The  recursion  relation 
for  the  effective  viscoeity  is  found  to  be: 

v  , (k,t)  »  v  (k.t)  +  Sv  (k,t),  (3 
n+i  n  n 


5Vk*c)  ■  [d3iLkju  -0  • 

-  (34) 

vn(j)  k2j2 

This  can  be  obtained  inductively  from  equation  (30). 
Clearly  the  corresponding  result  from  (31)  will  be  more 
complicated  as  it  will  receive  a  contribution  from  the 
UTTU"  term.  We  shall  not  give  further  details  here 
and  reference  should  be  made  to  Rose  (1977)  for  the 
equation  which  corresponds  to  (34)  in  the  present  work. 

Our  formulation  is  completed  by  the  transformations: 


k  -  (»  t  'l  hn  U~l)k’  ■  k  k’ 
o  n 


Using  the  procedures  of  McComb  (1982),  calculations  were 
carried  out  for  the  stationary  case  on  the  assumption 
that  the  fluctuations  are  isotropic  with  spectrum 
E(k)  ■  u  k  5/3  where  o  is  a  constant.  Under  these 

circumstances,  (33)  and  (34)  imply: 

v  (k  k’)  ■  o1/2  t£/3  k“4/3  v*(k' )  ,  (36) 

n  n  n  n 

1  f  ,  L  llr’  —  i  *  1  “11/3 
5v»(k')  •  i  |d3j'  Lk'j"-  J-  '  (37) 

v*(j’)  k'2  j’2 

for  1  <  |k'-j/  I  *  h  1  and  1  <  k'.j'  <  •.  The  recursion 
relationship  then  becomes: 

v*  ,  (k')  •  h4/3  (  v*(hk')  ♦  Sv*(hk') !  .  (38) 

n+t  n  n 


Equations  (37)  and  (38)  were  computed  numerically. 
Various  trial  values  were  assumed  for  the  arbitrary 
parameters  vQ  (which  fixes  t0)  and  h.  Fig.  5  shows  Jn 
plotted  against  n  for  h  •  0.6,  k'  -  5.0  and  for  a  range 
of  values  of  the  (scaled)  initial  viscosity,  vj.  The 
recursion  relation  was  found  to  reach  a  fixed  point, 
such  chat  Lt  v*(k')  -  v*(k')  as  n  -  N.  Clearly  this 


{—♦  v-k2*  d3j  U  .  (v  i2) |k-j  I  ,  t)  }U~(k,  t)  result  is  independent  of  the  initial  viscosity  for  a 

or  °  J  ±  ~kjy  ,  o  t _  0  a  -  wide  rang*  of  v*. 
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FIG.  5  Effect  of  choice  of  v*  on  v*(k')  for  h  •  0.6 
end  k'  -  5.0  on 


A  particularly  intereating  result  is  the  evolution 
of  v*(k')  to  the  fixed  functional  form  vj(k')  ■  2.5 
(k/kN)”4/3  (  es  seen  in  Fig.  6.  From  equation  (36)  we 
find  that  the  eddy  viscosity  becomes 

Vjj (k)  -  o1/2t1/3kN"4/3  v*(k')  -  2.5o1/2t1/3k"4/3  .  (39) 

This  is  only  the  isotropic  part  of  the  eddy  viscosity  so 
it  cannot  be  compared  to  the  eddy  viscosities  measured 
in  shear  flows.  However  on  comparison  with  the  effective 
viscosity  for  eddy  decay  rates  in  closures  like  LET, 
equation  (39)  does  at  least  seem  to  be  of  the  correct 
order  of  magnitude. 

CONCLUSION 

The  results  given  above  for  LET,  and  for  the 
Iterative  Averaging  technique,  may  be  seen  as  encourag¬ 
ing.  But  they  are  not  going  to  produce  an  overnight 
transformation  in  the  way  turbulent  shear  flows  are 
calculated.  It  is  quite  well  known  that  closures  like 
DIA  (e.g.  Leslie  1973)  or  LET  (let  alone  the  Lagrangian 
History  forms)  are  much  too  complicated  to  allow  the 
computation  of  even  the  simplest  shear  flow  using  pre¬ 
sent-day  computers. 

However,  if  we  may  be  permitted  a  mildly  optimistic 
speculation,  then  we  would  suggest  that  the  two  theories 
could  be  used  to  considerable  effect  in  Large-Eddy  Sim¬ 
ulations.  The  Iterative  Averaging  method  can  be  emp¬ 
loyed  to  formulate  the  equations  for  LES,  with  the  sub¬ 
grid  drain  modelled  in  terms  of  v*(k').  In  turn,  this 
requires  the  energy  spectrum  at  large  wavenumbers,  which 
could  be  calculated  using  the  LET  theory. 

In  principle,  this  looks  like  an  attractive  strat¬ 
egy.  In  practice,  there  are,  of  course  many  problems 


FIG.  6  Evolution  of  v*(k')  for  h  “  0.6 
n 

to  be  overcome.  At  present  we  are  in  the  preliminary 

stages  of  tackling  plane  channel  flow  by  this  method  and 

time  alone  will  tell  whether  mild  optimism  is  justified. 
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ABSTRACT 

Recent  mathematical  theory  suggests  that  fluid 
turbulence  is  deterministically  represented  by  the  dis¬ 
crete,  chaotic  solutions  of  the  N-S  equations.  This  is 
constructively  demonstrated  with  a  computational 
simulation  of  the  development  of  large  disturbances  into 
turbulent  spots  at  Re  *  3000.  The  propagating  turbulent 
front  appears  to  be  the  only  universal  feature  of  the 
intermittent ,  turbulent  shear  flows  with  "organized" 
structures.  In  this  light,  the  premises  of  the 
statistical  theory  of  turbulence  and  the  secondary 
instability  theory  of  transition  are  examined.  The 
physical  nature  of  such  turbulent  fronts  is  then  ex¬ 
plained  as  the  coalesced  wave  fronts  of  the  propagating 
pressure  disturbance  pairs  generated  to  restore  the 
solenoidal  velocity  field  of  an  incompressible  fluid. 

Such  turbulent  fronts  mark  the  local  solution  bifur¬ 
cations  on  the  way  to  ultimate  chaos.  Implications  of 
the  physical  model  are  briefly  explored. 

INTRODUCTION 

Transitional  and  turbulent  shear  flows  either  as 
free  layers  or  wall  layers  away  from  solid  surface  are 
"intermittently  turbulent"  and  exhibit  some  global , 
"coherent"  large  scale  structures  although  sufficiently 
varied  in  details  under  different  configurations [1 > 2] , 
There  have  been  frequent  conjectures  with  artistic 
rendering  of  the  various  structures  as  to  their  "quasi - 
deterministic"  nature.  The  development  of  statistical 
theory  of  turbulence  has  focused  on  the  closure 
difficulty  without  paying  much  attention  to  these 
observations.  The  closure  process  has  led  to  much 
speculation  of  new  physics,  either  as  some  property(ies) 
of  turbulence  statistics,  or  as  some  conservation 
relations  of  some  global  turbulent  property(ies)  such 
as  stresses,  length  scales,  etc. 

Recent  mathematical  developments^  suggest  that 
turbulence  results  naturally  (as  a  "geneiic  property") 
from  repeated  solution  bifurcations  of  nonlinear  systems 
at  sufficiently  large  parametric  values.  The  details 
of  such  a  chaotic  solution  is  sensitive  to  data  pertur¬ 
bations,  so  that  the  problem  is  not  well  set  in  Hadamad 
sense.  It  is  however,  deterministic  for  each  data  set. 

The  "Route  to  Turbulence"  or  its  path  of  development  to 
some  ultimate  chaotic  state  is  well  defined  without  any 
"New  Physics".  This  ultimate  or  fully  developed  state 
of  turbulence,  defined  by  a  given  nonlinear  operator  is 
not  unique  but  varies  with  initial -boundary  data.  The 
nonlinear  equations  systems  may  be  algebraic  (difference) , 
differential  or  integro-differential ,  etc.,  for  different 
physical  systems  or  for  different  approximations  to  a 
given  physical  system.  Fluid  turbulence  is  the  one 
defined  by  the  Navier-Stokes  system  at  sufficiently 
large  Reynolds  numbers.  While  computational  studies 
with  simple  nonlinear  model  equations  have  provided 


ample  support  of  the  theorem,  computational  simulation  of 
fluid  turbulence  with  the  N-S  system  has  been  disap¬ 
pointing.  Chaotic  results  are  promptly  obtained  at 
Reynolds  numbers  substantially  below  the  transition  range 
without  displaying  any  features  that  the  mathematical 
theory  implies  and  the  physical  experiments  suggest. 

Thus,  for  fluid  turbulence,  either  the  mathematical 
theory  or  the  computational  simulation  can  be  suspect. 

The  statistical  and  the  deterministic  views  of 
turbulence  point  to  different  faults  in  the  computational 
simulation.  Statistical  theory  emphasizes  energy  cas¬ 
cading  down  to  dissipation  scale  eddies,  and  calls  for 
very  refined  computational  resolution  or  suitable  sub¬ 
grid  model (s)  to  be  incorporated  in  the  N-S  system. 
Alternatively  the  N-S  system  is  simplified  either 
through  linearization  with  stoichastic  functions  or 
through  postulating  vorticity  transport  as  the  dominant 
mechanism.  The  deterministic  view  suggests,  on  the 
other  hand,  that  the  N-S  system  should  not  be  tampered 
with  while  high  resolution  is  not  necessarily  a  pre¬ 
requisite  for  satisfactory  computational  simulation  of 
the  global  features  of  turbulent  shear  flows,  if  N-S 
system  is  presumed  to  be  adequate  for  defining  fluid 
turbulenrel4) . 

Studies  of  "strange  attractors"  as  the  abstract 
mathematical  image  of  turbulence can  doubtfully  re¬ 
solve  the  above  practical  questions.  Bifurcations  are 
varied  for  different  nonlinear  systems.  Even  for  a 
given  system  bifurcations  can  become  increasingly  com¬ 
plex  at  later  stages.  We  note  that  such  complex 
phenomena  take  place  in  the  immediate  vicinity  of  a 
bifurcation  point,  too  small  to  be  experimented  with 
either  physically  or  computationally!''.  We  are  not 
that  much  interested  in  such  details,  but  only  in  the 
bifurcated  solution (s)  that  determines  the  successive 
stages  of  later  bifurcations  on  its  route  to  turbulence. 
Thus  we  would  be  satisfied  with  computational  methods  of 
generating  transitional  states  valid  merely  globally  to 
provide  tests  against  well  known  large  scale  features  of 
shear  flow  turbulence. 

For  this  stated  purpose,  the  results  of  Feigenbaum^ 
on  the  "Metric  Universal  Properties"  of  period  doubling 
bifurcations  is  of  special  interest.  It  is  proved  for 
the  one-parameter  family  mapping  of  a  sufficiently  smooth 
function,  having  a  unique  extreme  within  the  interval  of 
the  map.  This  mapping  represents  the  process  of  func¬ 
tional  iterations  for  the  solution  of  the  nonlinear 
equation  x  «  F(x,R)  computationally,  where  the  n*lth 
iterate  x„+i  is  calculated  from  the  nth  iterate  as  xn*i* 
F(xn.R).  If  the  function  x  »  x*  remains  unchanged 
by  the  mapping,  i.e.  x*»F(a*,R)  then  x*  is  a  solution  or 
a  fixed  point.  The  universal  properties  are:  1)  The 
convergence  toward  the  ultimate  turbulent  state  as  is 
measured  by  the  departure  of  some  parametric  value  An  of 
the  nth  bifurcation  from  the  limiting  value  when  n** 


is  geometric  and  with  some  universal  rate  of  A  -  Ajj  ^  5* 
with  5  ■  4.6992  at  sufficiently  large  n. 

2)  The  functions  in  the  immediate  vicinity  of  every  and 
all  bifurcating  points  are  similar  and  can  be  reduced  to 
some  universal  form  after  some  universal  scaling  of  the 
characteristic  length  or  physical  dimension  of  the 
bifurcation,  i.e.  dn  'v  |a|'h  with  a  »  2.5029...,  at 
sufficiently  large  n. 

3)  The  universal  values  are  essentially  reached  in  a 
few  bifurcations. 

The  bifurcation  processes  of  the  N-S  system  and  of 
its  discrete  approximations  are  likely  more  complicated 
than  the  period  doubling  type,  but  such  detailed  events 
of  bifurcation  processes  are  hardly  significant  outside 
a  small  region  around  the  bifurcation  point.  As  such, 
adequate  computational  simulation  of  global  phenomena 
may  require  only  modest  discrete  resolution  for  a 
reasonable  representation  of  the  first  few  bifurcations 
(not  the  first  few  harmonics  of  spectral  resolutions). 

With  proper  discrete  formulations,  currently  available 
computers  should  generate  simulated  results  that  compare 
favorably  with  experimental  observations.  This  is  in 
sharp  contrast  with  what  the  statistical  theory  of 
turbulence  suggests  as  to  the  need  of  very  refined  mesh 
resolution  and/or  sub-grid  modeling  under  the  presumption 
of  eventual  "convergence"  of  such  discrete  approximations 
to  the  "solution". 

With  chaotic  solution  of  the  N-S  system  sensitive 
to  the  data,  we  cannot  expect  convergent  approximations 
but  only  asymptotic  approximations  in  some  sense. 
Consistent  and  stable  discrete  approximations  of  some 
simple,  steady,  nonlinear  equation  in  one  space 
dimension  (Burger's  Equation)  have  indeed  been  demon¬ 
strated  to  diverge  at  vanishingly  small  meshes,  but  can  „ 
give  adequate  asymptotic  approximations  at  coarse  meshed.' 
The  universality  relations  provide  some  basis  for  ex¬ 
pecting  such  reasonable  asymptotic  approximations  for  the 
time -dependent  N-S  equations  in  three  space  dimensions. 

In  view  of  the  inherent  uncertainties  of  asymptotic 
approximations,  constructive  comparision  with  experimental 
data  is  much  needed.  Therefore  we  choose  to  carry  out 
the  computational  simulation  of  the  development  of  some 
large  disturbances  into  a  turbulent  spot  in  a  Couette 
Flow  of  an  incompressible  fluid  over  a  flat  plate  to 
facilitate  experimental  comparison. 


COMPUTATIONAL  FORMULATION 


The  computational  solution  of  nonlinear  problems  has 
long  been  plagued  by  spurious  oscillations  generated  by 
the  presence  of  large  gradient (s)  in  the  field.  They 
are  visualized  as  "error  waves"  or  "Numerical  Turbulence", 
and  often  smeared  over  by  various  computational  artifices. 
We  now  wish  to  compute  a  turbulent  field,  with  many  large 
gradients.  How  can  we  distinguish  "numerical”  from 
"physical"  turbulent  fluctuations?  How  can  we  suppress 
or  smooth  the  numerical  instability  while  permitting  the 
physical  instability  to  develop  into  turbulence? 


The  deterministic  view  of  turbulence  provides  a 
simple  answer.  If  the  N-S  operator,  Fn  is  to  develop 
chaotic  fields,  9Ffj/9x  will  contain  unstable  eigenvalues 
(kbl>  *b2»,-0  arranged  in  sequential  order  of  their 
associated  bifurcations  leading  toward  chaos.  If  an 
iterative  computational  algorithm  with  mesh  size  h,  i.e. 


will  not  give  any  bifurcating  unstable  eigenvalues  of 
SFNh^x  that  enter  into  the  sequence  prior  to  1^2  •  then 
the  first  two  bifurcations  is  unlikely  to  be  affected 
by  the  "unstable"  algorithm.  This  requirement  on  the 
computational  algorithms,  adequate  for  computing  the 
global  features  of  turbulent  or  transitional  fields, 
appears  to  be  more  lenient  than  that  for  computing  the 
steady  state  problems  wheTe  no  unstable  eigenvalues  are 
allowed.  Why  then  should  numerical  turbulence  plague 
the  computational  simulation  of  fluid  turbulence  more 
than  that  of  steady  state  flow  problems?  The  origin  of 
excessive  "numerical  turbulence”  may  be  "physical"  in  its 
formulation  rather  "numerical"  in  its  execution. 


Consider  first  the  integration  of  the  time  dependent 
N-S  system  of  an  incompressible  fluid  in  terms  of  the 
primitive  variables,  i.e.  velocity  and  static  pressure 

Cq.p) ■ 


Momentum 

|i « 

3t 

■  q  •  Vq  »  -Vp  *  JL  72  q 

(1) 

Continuity 

Vq  «  0 

(2) 

where  the  density  p  of  the  incompressible  fluid  is  taken 
as  unity  and  the  Reynolds  number  Re  is  expressed  in  terms 
of  some  convenient  reference  variables.  The  fundamental 
difficulty  of  integrating  (1)  and  (2)  with  a  given  set  of 
initial-boundary  data  is  the  absence  of  ||..  The  correct 
pressure  p(x,t)  should  advance  q(x,t)  from  (1)  such 

that  q(x,t)  will  remain  solenoidal,  Vq  *  0,  at  all  times. 

We  do  not  know  of  any  direct  method  of  finding  such  a 
p(x,t) ,  nor  any  apparent  converging  iterative  procedure 
to  fulfill  this  condition.  The  divergence  of  the 
momentum  equation  (1)  gives 

V2p  *  *(Jt'  -  Re  (5) 

which  may  be  solved  with  the  source  terms  evaluated  in 
many  different  ways  for  iteratively  predicting  the 
advanced  pressure  field.  These  had  been  tried  extensive¬ 
ly!^,  but  failed  to  restore  satisfactorily  any  solenoidal 
velocity  field  despite  various  smoothing  computational 
artifices. 

The  system  (1)  and  (2)  is  a  singular  limit  of  the  N-S 
for  compressible  fluid  where  the  continuity  relation 

^  1  ’  S  *  -  D  ^  *s  rePlaced  bV  (2)  with  the  term 

e  <  <  1  dropped.  To  restore  an  initial  value  problem, 
the  continuity  relation  is  modified  as 

£  ||  ♦  Vq  =  0  (4) 

where  £  is  some  sufficiently  small  quantity  as  an 
approximation.  The  difficulty  remains  because  any 
residual  div  q  will  lead  to  very  large  changes  of  pressure. 
The  diverging  situation  as  £  *  0  renders  any  approximate 
calculations  at  small  e  meaningless.  To  render  a 
"converging"  approximation  sequence  as  e  ■*  0,  the  method 
of  artificial  compressibility!9’*0!  alters  the  momentum 
equations  as : 

||  *  q  •  Vq  -  -  Vp  ♦  F(q,£)  *  V2q  (S) 

with  an  artificial  force  field  F(q,e),  chosen  to  satisfy 
f(q,E)  *  0  and  to  guarantee  a  convergent  sequence  so 

that  computational  solutions  of  (4)  and  (5)  at  some 
sufficiently  small  e  promises  some  approximation  to  the 
solution  of  the  incompressible  problem  (1)  and  (2) .  For 
periodic  or  otherwise  trivial  boundary  formulation, 

F  *  q  div  q  is  an  appropriate  choice.  For  nontrivial 
boundary  value  problems ,  our  analysis  showed  that  F  de¬ 
pends  intricately  on  a  nontrivial  boundary  integral. 
Explicit  determination  of  F  for  a  given  nontrivial 
boundary  formulation  is  difficult.  Since  we  wish  to  study 
different  initial  boundary  value  problems  of  practical 
interest  this  approach  is  not  suitable. 

To  avoid  the  direct  solution  of  pressure,  we  take  the 
curl  of  equation  (1)  to  obtain  the  vorticity  transport 
equation 

»  Vx(q  x  i)  *  pj  72uj  (6) 

with 

J  *  V  X  q  (6a) 

It  looks  as  if  could  be  solved  from  (6)  iteratively  with 
(6a)  without  referring  to  the  pressure  field.  It  appears 
even  more  so  when  the  iterative  procedure  is  simplified 
to  merely  correcting  the  induced  velocity  field  for  changes 
in  vorticitv. due  to  convective  displacement  and  vorticty 
stretchinglU] .  This  presumption  is  not  true.  The 
boundary  condition  of  vorticity  on  a  stationary  solid 
surface  is  7x  «i  ■  -Re  Vp.  As  will  be  discussed  later  an 
ad  hoc  boundary  formulation  without  any  reference  to 


perturbed  pressure  field,  will  lead  to  nonsolenoidal  x 
and  q.  Equation  (6)  is  then  no  longer  the  curl  of  (1), 
and  its  chaotic  solution  is  not  fluid  turbulence  but 
numerical  noise.  The  role  of  pressure  disturbances  is 
essential. 

The  residual  diverges  of  q  and  x  at  any  point  in  the 
field  represent  physically  impulsive  forces  or  moments 
Such  impulses  generate  pressure  waves,  propagating  at 
"infinitely”  large  speed  to  relax  to  a  physical,  sole- 
noidal  state  of  q  and  x  with  an  altered  smooth  pressure 
field.  The  correction  to  q  (or  x)  due  to  the  relaxation 
of  these  impulsive  forces  is  derivable  from  a  potential 
function  ®(x,t),  or  v(x,t),  since  the  equilibration  pro¬ 
cess  is  too  fast  for  viscosity  or  any  other  dissipative 
processes  to  be  effective.  Therefore,  if  the  nonphysical 
state  with  residual  divergences  are  '  and  q  respectively, 
the  physical  vorticity  and  velocity  are:  r 


x  *  i  *  Vij; 

(7) 

q  *  qj,  ♦  7<t> 

(8) 

7‘i  *  -div  ; 

(9) 

■  -div  q^ 

(10) 

Neumann  condition  is  prescribed  on  the  boundary  so  as  to 
avoid  disturbing  physical  conditions  normal  to  the 
boundary.  To  facilitate  computation,  we  replace  (6a)  by 

?2q  »  -7  x  i  (11) 

So  that  (9)- (11)  represent  five  Poisson  equations  with 
source  terms  to  be  evaluated  with  the  latest  available 
data.  Thus  we  set  up  three  iterative  loops  in  calculating 
the  grid  values  at  an  advanced  time  step:  (al  vorticity 
loop  with  equations  (6).  (?)  and  (90  for  obtaining  a 
solenoidal  x  with  a  given  solenoidal  q.  (b)  velocity 
loop  with  equations  (8),  (10)  and  (11)  for  obtaining  a 
solenoidal  q  with  the  latest  available  solenoidal  x 
(c)  Quasi- linearisation  loop  with  nested  loops  a  and  b 
and  some  prescribed  fonnat  of  estimating  the  average 
convective  velocity  qn,,iJ  in  the  interval  form  nAt  to 
(n*l)At. 

The  solenoidal  q  and  x  that  minimizes  satisfactorily 
the  residue  in  loop  (c)  are  taken  as  their  values  at  the 
advanced  time  step.  Then  the  pressure  field  p  at  the 
advanced  time  step  is  solved  from  (3)  with  greatly 
simplified  source  terras.  The  iterative  processes  proved 
to  be  rapidly  converging  even  with  a  simple  discretization 
algorithm. 

The  correction  v<i  is  determined  in  Loop  (a)  with  t—  *  0 
on  a  non-slip  solid  boundary  where  the  vorticity  component 
normal  to  the  surface  must  vanish.  The  correction 
tangent  tc  the  solid  boundary  does  not  vanish,  and  there 
are  no  physical  requirements  why  they  should. 

- .  The  correction  7$  is  determined  in  loop  (b)  with 
t”  *  0  on  an  impermeable  non-slip  solid  surface.  The 
relaxation  of  the  residual  divergences  in  the  field,  will 
introduce,  however,  nonzero  tangential  component  next 
to  the  surface,  creating  a  large  vorticity  parallel  to  the 
surface. 

For  flow  problems  in  two  space  dimensions  (xj.xi) 
there  is  no  residual  divergences  of  vorticity  by  definition; 
and  loop  (a)  is  not  needed.  The  introduction  of  a  har¬ 
monic  stream  function  eliminates  further  any  residual 
divergences  of  the  velocity  field.  Then  the  two-dimensional 
problem  is  simply  computed;  but  it  excludes  three  dimen¬ 
sional  disturbances  and  the  pressure  mechanism  of  vorticity 
production  at  a  solid  boundary.  Loops  (a)  and  fb)  evaluate 
the  effect  of  the  pressure  disturbances  accompanying 
vorticity  transport  in  three  space  dimensions  or  caused  bv 
computational  errors,  in  the  interior  and  on  the  boundarv. 
The  only  physical  state  is  the  "equilibrium  state"  at  the 
end  of  loop  (c)  when  both  x  and  q  are  solenoidal  and  the 
quasi-linear  relations  have  been  relaxed  to  sufficient 
accuracy.  This  is  why  the  pressure  field  is  determined 
only  at  the  end  of  loop  (c)  through  the  Poisson  equation 


(3) ,  with  the  boundary  condition  on  a  non-slip  surface 
derived  from  the  solenoidal  vorticity  field  as: 

f  .i-Tp.-lp*;)  -n  ii:; 

where  n  is  the  unit  normal  to  the  solid  boundary. 

DEVELOPMENT  OF  LARGE  DISTURBANCES  IN  A  COUETTE  FLOW 

We  discretize  equations  (6) -(11)  with  the  simple 
forward  time  and  centered  space  algorithm  using  the  latest 
available  values  during  each  sweep.  qn*h  *  ^  (qn  ♦  qn*M 
is  used  as  the  average  convective  velocity  In  loop  (c). 

The  discretized  Poisson  equations  are  solved  with  ADI 
process,  each  with  a  constant  acceleration  parameter. 

The  acceleration  parameters  and  the  number  of  iterations 
in  each  loop  were  determined  from  model  studies.  The 
development  of  "large"  disturbances  in  a  uniform  shear 
flow  between  a  stationary'  plate  at  y  ■  0  and  a  plate 
moving  in  the  plane  y  *  1  with  velocity  (1,  0,  0)  at 
Re  »  3000  was  then  computed  with  a  coarse  grid  15x15x15 
at  At  *  0.2. 

Impulsive  disturbances  were  applied  at  t  *  0  at  a 
group  of  grid  points  in  the  lower  middle  of  the  computa¬ 
tional  region.  Unit  impulses  of  the  streamwise  component 
of  vorticity  ^  never  grow.  The  uniform  shear  flow  was 
reestablished  at  50  At.  There  was  no  numerical  turbulence 
and  the  flow  regains  the  laminar  condition. 

Unit  impulses  of  v-component  velocity  normal  to  the 
stationary  plate  at  y  *  0  generates  a  horse-shoe  vortex, 
lifting  rapidly  away  from  y  -  0  while  being  stretched  and 
convected  downstream.  By  bO  At ,  an  apparently  laminar 
shear  flow  is  again  established  with  a  decaying  and  diffuse^ 
horse-shoe  vortex  in  the  middle.  There  was  no  chaotic 
vortical  flows  like  turbulence  in  the  field. 

Unit  impulses  of  u-component  velocity  generates  a 
complicated  three-dimensional  vortical  flow  hugging  onto 
the  wall  y  *  0,  bounded  by  a  high  vorticity  front 
propagating  slowly  in  all  directions  into  the  neighboring 
laminar  flow.  By  50  At,  this  highly  vortical  region 
assumes  the  well  known  shape  of  a  turbulent  spot  over  a 
flat  plate  as  was  observed  in  experiments.  Within  the 
vortical  region,  the  flow  is  somewhat  chaotic  or  "turbulent' 
Outside  of  the  region,  the  flow  is  orderly  but  severely 
distorted  from  the  undisturbed  uniform  shear  state. 

The  following  is  a  summary  of  some  observations  of 
the  developing  spot,  (i)  the  turbulent  spot  is  marked 
by  an  irregular  high  vorticity  front  advanced  into  the 
neighboring  distorted  laminar  region.  A  vorticity  plateau 
is  present  in  the  center  of  the  spot.  Figure  1  illustrates 
the  horizontal  sections  at  y*  =  11  parallel  to  the  plate 
at  56  At  to  66  At  and  86  At.  The  grid  points  marked  by 
possess  local  vorticity  magnitudes  larger  than  3. 

(ii)  Within  the  growing  "turbulent  spot"  there  is  a 
dominant  but  somewhat  diffuse  horse- shoe  vortex  anchored 
at  the  lower  plate  y  »  0.  The  whole  structure  grows  in 
size  and  convects  downstream  at  a  velocity  slightly  larger 
than  half  the  moving  plate  velocity.  Figure  2  illustrates 
the  u,  v  ,  velocity  component's  in  the  plane  of  symmetry 
of  the  initial  disturbance  at  50  At.  (in)  In  the  plane 
of  symmetry  of  the  initial  disturbance,  there  is  a  con¬ 
centrated  "sheet"  of  vertical  jet  stream  directed  away 
from  the  plate.  Figure  3  illustrates  the  v-w  velocity 
components  in  a  transverse  section  across  the  spot  at  50 
At.  It  lies  in  a  low  pressure  -alley  which  extends  well 
below  the  visible  jet  stream.  (iv)  The  velocity 
fluctuation  w’  in  the  lateral  direction  is  significantly 
larger  than  v’  except  in  the  plane  of  symmetry;  and  in 
many  place  comparable  to  u1  or  even  u  within  the  spot. 

Figure  l  illustrates  the  u-w  velocity  component  field  in 
the  horizontal  section  at  y*  *  11.  The  w  suddenly 
reaches  very  large  values  at  the  trailing  edge  of  the 
spot,  generating  significant  trailing  wave  packets  that 
decay  gradually  further  upstream  outside  of  the  spot, 
iv)  The  static  pressure  variation  normal  to  the  plate 
p(_vl  in  a  transverse  section  across  the  spot  at  56  At 
is  illustrated  in  Figure  5.  Here  l  ■  S  is  the  symmetry 
plane  in  the  midst  of  the  pressure  valley  where  the 


"jet  stream"  in  (iii)  is  located.  The  temporal  develop¬ 
ments  of  the  dynamic  pressure  ply)  and  the  velocity  u(y) 
are  illustrated  in  Figure  6.  Both  the  pressure  and  the 
mean  flow  velocity  are  significantly  depleted  in  this 
region. 

The  restoration  of  laminar  flow  conditions  for  the 
first  two  cases  provides  considerable  confidence  that 
"numerical  turbulence"  is  not  a  significant  component  in 
our  computed  results  of  spot  development.  We  are  further 
encouraged  that  the  calculated  results  are  in  general 
agreement  with  experimental  observations.  The  feasibility 
of  asymptotic  computational  simulation  of  the  discrete 
nature  of  transition  and  turbulence  is  demonstrated. 

TURBULENT  SHEAR  FLOW  -  DETERMINISTIC  vs.  STATISTICAL  VIEWS 

Successful  computational  simulation  with  the  N-S, 
provides  a  constructive  demonstration,  if  not  a  proof,  of 
the  basic  thesis  of  the  deterministic  view  of  turbulent 
shear  flows.  It  strengthens  and  extends  the  significance 
of  the  theorem  of  Ruelle  and  Takens.  We  shall  now  review 
and  explain  the  various  experimental  and  computational 
observations  in  turbulent  shear  flows  and  examine  their 
implications  with  regard  to  the  classical  theory(ies)  of 
turbulence. 

The  propagating  turbulent  spot,  as  a  localized  tur¬ 
bulent  region  in  a  shear  flow  over  a  solid  surface  was 
first  reported  by  Emmons  t1J]  .  Many  other  forms  of  such 
more  or  less  "organized"  or  "coherent"  large  scale 
structures  have  been  identified  in  different  types  of 
shear  flows ,  given  different  names ,  and  studied 
extensively  through  experimentation,  analysis  and  artistic 
rendering [1, 2] .  They  appear  to  be  "permanent"  structures 
in  the  sense  of  its  persistence  to  very  large  flow 
Reynolds  numbers.  Once  the  structure  is  formed,  the  global 
kinematic  features  are  reminiscent  of  vortical  motions  in 
inviscid  fluids,  and  encourage  the  presumption  that  con¬ 
vection  and  stretching  of  vortex  lines  may  constitute 
fluid  turbulence,  especially  the  free  turbulence. 

Questions  related  to  the  dynamics  as  to  their  creation, 
propagation  and  decay  are  rarely  addressed. 

The  deterministic  solutions  of  different  initial - 
boundary  value  problems  of  the  time  dependent  N-S  equations 
are  generally  different.  An  ensemble  of  such  solutions 
having  some  common  macroscopic  boundary  data  (i.e.  with 
different  initial  data  and/or  small  perturbations  of  the 
boundary  data)  must  have  some  global  features  with  dimen¬ 
sions  comparable  to  the  common  boundary  specifications. 
After  all,  the  eigenvalues  are  characterized  by  where  the 
boundaries  lie  and  what  the  nature  of  the  boundary 
constraints  are.  The  large  scale  structures  of  all  the 
solutions  in  the  ensemble  should  therefore  appear 
"coherent",  regardless  of  the  details,  but  can  vary  some¬ 
what  for  different  sub-set  ensemble  averages.  The 
situation  is  quite  similar  to  those  average  data  from 
different  wind  tunnels.  For  distinctly  different  boundary 
configurations  defining  different  ensembles,  the 
"coherent"  structures  will  naturally  be  different.  Thus 
we  expect  to  see  various  types  of  organized  large  scale 
structures  in  various  standard  classes  of  free  or  wall 
turbulence.  The  variations  of  their  topographies  will 
display  prominently  different  kinematic  features  of  the 
ensembles  although  not  the  underlying  dynamics  common  to 
all  such  structures. 

The  only  dynamic  feature  common  to  all  these  large 
scale  structures  is  the  propagating  turbulent  front  that 
produces  the  "on-off"  or  "intermittent"  signals  temporally 
and  spatially.  "Intermittency"  was  reported  by 
Townsend!14]  quite  early  for  the  turbulent  wake  behind  a 
cylinder  where  the  large  scale  eddies  enhances  mixing  or 
entrainment  of  the  outer  "laminar"  fluid  by  a  "turbulent" 
core.  It  was  later  identified  in  all  free  turbulent  flows 
(such  as  jets,  wakes  and  mixing  layers)  and  the  outer 
of  turbulent  boundary  layers  over  solid  surfaces 
The  suggestion  of  double  layer  structure  was 
explicit  although  the  laminar-turbulent  boundary  as  a 
propagating  front  was  not  emphasized.  Experimental 
determination  of  intermittency  factor  is  more  qualitative 


than  quantitative.  Little  is  known  about  the  nature  and 
structure  of  this  turbulent  front.  Neither  are  they 
important  for  the  present  purposes. 

Shortly  after  their  discovery  of  intermittency  ri_, 
through  indirect  measurements,  Batchelor  and  Townsend  ' 
speculated  on  theoretical  grounds  that  such  phenomenon  of 
intermittency  should  be  present  at  higher  wave  numbers  and 
with  finer  structures.  With  increasing  sophistication  of 
experimental  techniques  in  recent  years,  evidences  of 
intermittency  at  fine  scales  and  high  wave  numbers  begin 
to  emerge  especially  in  the  proximity  of  the  wall!1*2]. 
Mathematically  speaking the  high  wave  number  components 
are  not  very  space-filling  and  their  distributions  in  space 
should  indeed  be  sparse.  No  matter  how  and  where  we  turn, 
intermittency  appears  to  be  present  at  all  scales  every¬ 
where  in  turbulent  shear  flows.  The  deterministic  view 
collaborates  these  experimental  observations  and  the 
theoretical  speculation  of  the  persistence  of  "intermittency 
into  ever  more  refined  scales  through  repeating  solution 
bifurcations.  The  associated  fronts  of  discrete  changes 
at  successive  bifurcations  from  laminar  to  some  turbulent 
state  or  from  some  turbulent  state  to  another  are  of 
varied  scales  and  distributed  over  the  field  (x.t).  Such 
is  the  complex,  patchy  state  of  affairs  of  turbulent 
shear  flows  at  large  but  finite  Reynolds  numbers  as  is 
predicted  by  the  deterministic  mathematical  theory  and  as 
is  observed  in  experiments.  What  do  all  these  mean  to  the 
classical  theory(ies)  of  turbulence? 

It  is  difficult  to  reconcile  "abrupt"  transition, 
both  temporally  and  spatially  with  Landau  and  Lifschitz 
mechanism  of  transition]16)  from  secondary  instability  to 
turbulence  through  periodic,  organized  solution  states. 

The  Hopf  bifurcation  of  a  limit  cycle  is  of  period  doubling 
type!-5)  .  In  the  deterministic  view,  transition  is 
discrete  and  proceeds  in  steps  to  a  succession  of  "chaotic" 
or  turbulent  states,  not  organized  states.  The  computed 
results  also  suggest  that  they  are  clearly  not  smooth 
transitions  through  successive  oscillatory  states,  no 
matter  what  scale  we  mean  by  "abrupt"  transition. 

The  present  discrete  view  can  be  brought  into 
harmony  with  the  notion  of  distribution  function  in  the 
statistical  theory  of  turbulence  so  long  as  it  is  not 
claimed  to  be  universal  and  as  it  is  useful  in  the 
evaluation  of  the  statistical  averages  of  physical 
quantities  in  a  turbulent  field.  We  are  not  particularly 
concerned  if  a  distribution  function  is  discrete  or 
continuous,  universal  or  not,  but  we  do  hope  to  identify 
the  specific  properties  of  each  entity.  The  energy 
distribution  function  E(k)  defined  as  the  Fourier 
transform  of  some  correlation  function  is  often  inter¬ 
preted  as  representative  of  the  amplitudes  of  sinusoidal 
eddies  of  different  wave  numbers  visualized  in  experimental 
results.  There  are,  however,  notable  exceptions  even  in 
isotropic  turbulence,  such  as  E(k)  does  not  represent 
the  energy  of  the  largest  scale  eddy  but  some  integral 
scale  over  all  wave  numbers.  Hence  such  energy  distri¬ 
bution  function  is  merely  convenient  mathematics  in  terms 
of  a  set  of  basis  functions  without  physical  identity.  We 
note  further  that  intermittency  and  discrete  states  need 
not  imply  a  discrete  distribution  function,  since  each 
step  function  has  its  continuous  Fourier  representation. 

From  a  physical  point  of  view,  the  step  changes  of 
turbulent  states  at  bifurcation  can  be  looked  upon  as 
delta- functions  of  local  turbulent  states.  The  situation 
reminds  us  of  Planck's  quantization  in  describing  the 
black  body  radiation  distribution  curve  in  wave  number 
space  through  the  discrete  quantized  energy  states  Each 
such  turbulence  source  and  discrete  state  is  indeed 
associated  with  an  eigenvalue  characterizing  the  secondary 
instability  and  bifurcation  of  the  solution  of  the  v-S 
under  the  specified  boundarv  formulation,  in  the  same 
manner  how  an  energy  quantum  is  derived  from  the 
Schrodmger  equation.  The  eigenvalues  are  numerous,  if 
not  so  refined,  within  the  context  of  repeated  bifurcation 
ad  infinitum  on  the  route  to  ultimate  turbulence.  The 
analogy  might  appear  awkward  if  we  look  at  turbulence  with 
an  exclusive  interest  in  the  continuum  description  of 
fluid  flows,  but  not  so  with  a  broader  view.  Since  there 
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are  uncertainties  in  turbulence  measurements  even  in 
the  fluid  flows,  we  really  should  not  alarm  at  the 
apparent  "wave-particle  dualism"  at  hand.  There  is 
ample  room  for  wondering  about  "quantizing"  the  turbu¬ 
lence  or  "turbulizing"  the  quanta.  Such  speculations  on 
the  formalism  are  not  meaningful,  however,  without 
appropriate  physical  content  of  the  "turbulence  quanta". 
Our  primary  task  is  therefore  to  identify  the  physical 
entity  of  the  discrete  turbulent  jumps,  (or  discrete 
turbulent  states)  and  to  provide  the  distribution  func¬ 
tion  with  specific  physical  meaning  such  as  the  proba¬ 
bilistic  interpretation  of  the  quantum-mechanical  wave 
function  in  modern  physics.  To  this  end,  an  attempt 
will  be  made  in  the  next  section  to  identify  the  mathe¬ 
matical  and  physical  entity  of  a  turbulent  front,  across 
which  an  apparently  discrete  finite  jump  in  turbulent 
states  takes  place. 

CONTINUUM  DYNAMIC  MODEL  OF  DETERMINISTIC  TURBULENT 
SHEAR  FLOW 


While  both  experimental  and  mathematical  evidences 
suggest  propagating  fronts  of  solution  bifurcation  or 
laminar-turbulent  transition,  we  are  not  aware  of  any 
proposal  of  wave  mechanism  for  turbulence  in  incompres¬ 
sible  fluids.  Indeed,  turbulence  has  traditionally  been 
recognized  as  a  diffusive  and/or  convective  phenomenon, 
described  by  the  vorticity  transport  equation  (6) . 

Recent  successes  in  mimicking  the  chaotic,  turbulent 
motions  of  vortical  flows  with  the  vorticity  transport 
equation!2'  tend  to  perpetuate  this  conviction.  The 
circumstances,  nevertheless,  cast  more  mystery  over  the 
origin  and  mechanism  of  intermittency,  the  various 
organized  structures,  and  other  dynamic  turbulent 
phenomena  in  shear  flows !21 . 


We  propose  that  the  wave  nature  of  fluid  turbulence 
results  from  the  pressure  disturbances  needed  to  maintain 
a  solenoidal  velocity  field  of  an  incompressible  fluid, 
interpreted  here  to  mean  sufficiently  small  fluid 
compressibility  e  ■  J.  ij£  «  1  and  large  speed  of  sound. 
When  a  velocity  perturbStion_q12  is  introduced  somehow 
into  a  physical  flow  field  (q2,  pj)  with  div  qj  =»  0,  it 
has  to  be  accompanied  by  a  corresponding  pressure 
disturbance  p12  that  creates  the  q12  according  to 
Newton 1 s  Law 


( 


_d_ 

dt 


(1) 


If  the  disturbed  velocity  field  q,  *  qj  *  q,,  is  sole¬ 
noidal,  i.e.  div  q12  *  0,  as  is  required  by  the 
continuity  equation  (2) ,  the  pair  of  velocity  and 
pressure  disturbances,  q^2  and  p^  is  compatible  with 
physical  laws,  both  kinematically  and  dynamically.  This 
disturbed  field  (q,,  P2)  is  physically  realistic. 


A  general  velocity  disturbance,  as  may  be  created 
by  vorticity  transport  or  by  some  external  agents,  need 
not  be  solenoidal.  Then  the  disturbed  state  (q2,  pj) 
will  fail  to  satisfy  the  physical  requirements  somewhere. 
The  physical  system  must  eliminate  the  residual  diver¬ 
gence,  by  modifying  both  q2  and  p2  further.  The  simplest 
recourse  of  such  needed  dynamic  adjustment  is  to  intro¬ 
duce  impulsive  force-pairs! to  annihilate  the 
residual  divergences  everywhere  as  was  indicated  in 
Section  2.  The  elimination  of  the  residual  divergences 
thus  leads  to  the  opposite  impulsive  force-pairs  super¬ 
posed  on  P|2  that  will  propagate  into  the  neighboring 
field  as  "waves"  to  secure  dynamic  equilibrium. 


These  pressure  waves  will  propagate  and  interact 
throughout  the  flow  field  and  reflect  from  the 
boundaries  to  change  the  velocity  and  the  pressure  field 
everywhere.  It  is  possible  that  after  a  few  passes  of 
the  waves  over  the  field,  a  smooth,  continuous  (qj,  pj) 
will  be  established  without  any  further,  apparent  wave 
processes.  In  view  of  the  very  large  signal  speed,  such 
a  process  of  relaxation  can  be  accomplished  in  a  very 
short  period  of  time  compared  with  the  characteristic 
times  of  vorticity  transport  and/or  diffusion.  This 
relaxed  state  of  (qj,  pj)  can  thus  be  conveniently 
determined  through  the  use  of  a  potential  function  $ 


as  was  done  in  Section  2  without  the  detailed  solution 
of  the  wave  propagation  problem.  This  asymptotic  "steady" 
state  (q3,  pj)  is  a  physical  state  with  div  $3  =  0  and  a 
smooth  and  dynamically  compatible  p..  The  change  in 
velocity  represents  the  velocity  "induced"  by  the 
vorticity  displacement,  and  may  be  evaluated  through  the 
Biot-Savart  Law  directly  without  any  reference  to  the 
pressure  changes  and  the  wave  propagation  phenomena.  The 
dynamic  nature  of  this  velocity  change  at  a  distance 
brought  about  by  an  elementary  local  change  in  vorticity 
can  be  implemented  only  through  pressure  waves  within  the 
framework  of  classical  fluid  dynamics. 

At  sufficiently  large  Reynolds  numbers,  the  N-S 
equations  will  not  be  able  to  generate  such  a  smooth, 
asymptotic  "steady"  solution  everywhere [3] .  It  will 
generate  in  some  locality (ies)  non-smooth  or  discontinuous 
fronts  propagating  with  a  velocity  compatible  with 
dynamics  as  a  result  of  local  solution  bifurcation. 
Physically,  such  finite  amplitude  fronts  are  formed  through 
the  coalescence  of  waves  in  (x,t)  generated  at  different 
positions  at  earlier  times.  Such  a  coalesced  wave  front 
will  propagate  with  a  group  velocity  that  can  be  much 
different  from  the  signal  speed,  i.e.  the  speed  of  sound. 

It  may  propagate  into  a  field  that  has  been  modulated  by 
waves  from  other  parts  of  the  field  already  settled  into 
its  quasi -asymptotic  state.  Thus  the  induced  velocity 
generated  in  the  smooth  part  of  the  dynamic  field  might 
appear  as  a  precurser  of  the  finite  amplitude  waves, 
although  it  is  not  produced  by  the  direct  dynamic  action 
within  the  finite  amplitude  wave  itself  and  does  not 
forecast  the  pending  arrival  of  some  finite  amplitude 
wave. 


The  coalesced  front  may  mean  discontinuous  jumps  of 
rms  vorticity  and/or  turbulent  pressure  across  it,  but 
P3  must  be  continuous  across  the  front  since  pressure 
discontinuiteis  have  been  relaxed.  In  this  sense,  the 
front  is  more  like  a  contact  discontinuity  than  a  shock 
wave.  On  the  other  hand,  since  it  propagates  relative 
to  mass  motion,  it  is  more  like  a  shock  wave  than  a 
contact  discontinuity.  We  are  not  clear  about  the 
physical  nature  and  the  structure  of  such  coalesced  wave 
fronts  just  as  we  are  not  clear  on  the  mathematical 
events  of  solution  bifurcation.  We  do  not  know  how  and 
if  the  propagation  speed  is  related  to  the  jump (si  across 
the  front ,  both  being  dependent  on  the  source  distribution 
in  (x,t)  and  on  the  field  geometry  through  which  the 
waves  propagate,  interact,  and  reflect.  It  might  have 
some  universal  structure,  but  as  yet  unknown.  Despite 
our  ignorance  on  such  details  we  are  pleasantly  surprised 
with  the  few  sample  results  computed  according  to  the 
global  principle  given  above,  where  both  the  smooth 
solution  and  the  bifurcated  solution  with  propagating 
turbulent  fronts  are  obtained.  We  are  particularly 
encouraged  that  the  calculated  solutions  with  bifurcating 
fronts  display  many  features  in  agreement  with  experimental 
observations  in  turbulent  shear  flows. 

We  shall  now  explain  that  vorticity  transport  leads 
to  residual  divergences  of  the  velocity  field  so  that  the 
wave  phenomena  discussed  above  is  general  rather  than 
special.  We  claim  first  that  equation  (3),  as  the 
divergence  of  the  evolution  equation  (1)  for  velocity  g, 
should  be  recognized  as  an  evolution  equation  for  div  q, 
i.e.  ,  ,  ,  ,  3u.  3u. 

c^--  iv2)  (7q)  -  -  [V2p  S3ji]  (13) 

1  l 

It  is  only  when  the  continuity  equation  (2)  Vq  «  0  is 
satisfied  at  all  times  and  everywhere  that  this  evolution 
equation  is  reduced  to  the  subsidiary  relation: 

7  3u.  3u.  3u.  3u. 
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i.e.  a  Poisson  equation  relating  pressure  p  to  the 
solenoidal  velocity  field.  The  solution  of  p  from  this 
equation  can,  however,  include  eigen  solutions  of  the 
homogeneous  equation  V2p  »  0,  i.e.  any  harmonic  function 
satisfying  the  particular  trivial  mixed  boundary  conditions. 
Such  eigen  solutions  of  p  do  not  change  ?2p  in  equation 
(13);  but  will  alter  q  development  according  to  equation  (1) 
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These  changes  in  q  produces  changes  in  i  and 
3u.  3u^ 

non-trivially  in  equation  (13)  to  bring  about 
'  J  „  __ 

non-zero  div  q.  It  is  the  div  q  *  0  that  determines  the 
correct  content  of  the  harmonic  eigen  solution  of  pres¬ 
sure  that  represents  the  wave  system  (pressure  waves  or 
disturbances)  generated  by  vorticity  transport. 

Equations  (13)  and  (14)  show  clearly  that  the  transport 
of  a  large  vorticity  (u^)  will  generate  correspondingly 
large  pressure  disturbances  or  waves.  Thus  a  turbulent 
front,  once  formed,  tends  to  perpetuate  itself. 

The  impulsive  force  pairs  introduced  as  delta 
functions  in  our  computational  simulation  to  eliminate 
the  residual  divergence  can  also  arise  from  errors  in 
approximate  procedures.  The  discontinuous  pressure 
fronts  created  by  the  computed  residual  divergences 
include  the  often  dominant  numerical  errors  in  computa- 
tational  simulation.  If  not  suppressed,  this  numerically 
generated  pressure  waves  would  inevitably  lead  to 
numerical  turbulence.  The  elimination  of  these  residual 
divergences  through  the  potential  function  0  (loop  b) 
prior  to  the  quasi-linear  iteration  (loop  c)  as  is 
described  in  Section  2  is  to  prevent  the  nonlinear 
interaction  of  the  nonphysical  waves  to  form  numerical 
turbulence.  The  appropriate  content  of  the  harmonic 
pressure  waves  is  then  allowed  to  interact  "nonlinearly" 
to  develop  into  physical  turbulence.  The  quasi-linear 
form  of  nonlinear  interactions  is  crude  but  proved 
adequate.  The  successful  demonstration  in  the  computa¬ 
tional  simulation  of  both  the  smooth  and  non-smooth 
solutions  therefore  lends  considerable  credibility  to  the 
proposed  wave  mechanism  of  turbulent  shear  flow.  It 
also  substantiates  our  suppositions  that:  (i)  Numerical 
turbulence  can  be  largely  eliminated  by  preventing  the 
numerical  errors  from  participating  in  the  nonlinear 
interaction,  (ii)  The  correct  content  of  the  harmonic 
pressure-waves  due  to  vorticity  convection  can  be  pre¬ 
served  by  enforcing  the  solenoidal  velocity  field  with 
large  numerical  errors  suppressed,  (iii)  Quasi¬ 
linearization  can  be  adequate  for  computational 
simulation  of  nonlinear  interaction  to  permit  the 
physical  pressure-waves  to  develop  into  fluid  turbulence. 

The  propagation,  interaction  and  coalescence  of  all 
of  these  pressure-waves  are  much  dependent  on  the  loca¬ 
tion,  configuration  and  nature  of  the  boundary.  Thus, 
the  ensemble  average  of  the  many  realizations  with 
the  same  boundary  will  appear  ''coherent”  although 
displaying  great  variability  in  details. 

The  reflection  of  an  obliquely  incident  pressure 
wave  at  a  solid  surface  generates  mass  motion  parallel 
to  the  surface,  thereby  creating  vorticity  components 
tangent  to  a  non-slip  boundary.  This  is  an  effective 
mechansim  of  generating  rms  vorticity  on  the  boundary 
although  it  is  highly  transient  and  oscillatory.  If  rms 
vorticity  is  taken  as  some  measure  of  turbulence,  this 
wave  reflection  process  is  an  effective  mechanism  of 
turbulence  production,  independent  of  the  magnitude  of 
viscosity  or  Reynolds  number  if  the  non-slip  condition 
is  enforced  on  the  boundary  as  u  •  V  x  w  »  -Vp.  This 
wave  mechanism  of  turbulence  production  is  distinct  from 
the  conventional  production  term 

-u.u.  *— -  ,  and  is  likely  related  to  u.  *-E-  in  the 
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averaged  turbulence  kinetic  energy  equation.  The  impor¬ 
tance  of  this  wall  production  mechanism  is  indicated  by 
the  previous  results  that  the  turbulent  spot  hugs  onto 
the  wall  while  propagating  downstream.  There  are  other 
evidences.  Kith  this  wave  mechanism  of  turbulence 
production  dominating  ,  we  expect  spots,  and  other  forms 
of  organized,  large  scale  structures  of  wall  turbulence 
to  persist  to  very  large  Reynolds  numbers ,  or  even  to 
the  inviscid  limit. 

The  incidence  and  reflection  of  a  pair  of  steep 
compression-expansion  waves  (or  a  somewhat  modulated  N- 
wave)  next  to  a  solid  surface  generates  very  large 
vorticity.  While  it  could  be  suppressed  by  the  viscous 
effects  in  the  proximity  of  the  wall,  some  intense, 
transient,  local  vortical  activity  will  result  away  from 
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it.  The  situation  reminds  us  of  "Bursts"1  '  .  It  is 

likely  a  local,  higher  order  solution  bifurcation 
triggered  by  some  steep  incident  wave  pair.  A  steep 
incident  wave  pair  may  be  generated  directly  by  the 
transport  of  large  vorticity  at  some  point  on  the 
turbulent  front  of  the  large  scale  structure.  It  may 
also  result  from  the  "focusing"  of  such  waves.  In  this 
manner,  the  highly  localized  and  transient  violent 
activity  of  "burst"  will  naturally  be  related  to  the 
scale  of  the  large  organized  structure(s)  comparable  to 
the  global  thickness  of  the  turbulence  boundary  layer. 

The  incidence  of  the  pair  of  strong  impulses  of  opposite 
sign  can  also  produce  unusual  mass  motion  of  the  fluid, 
with  oppositely  faced  jet  streams  parallel  to  an 
impermeable  wall  eventually  jetting  away  from  the  wall. 

The  physical  model  proposed  above  is  compatible  with 
the  mathematical  theorem  as  to  the  deterministic  and 
discrete  nature  of  turbulence.  The  model  provides 
rational  dynamic  explanations  to  many  perplexing 
experimental  observations.  It  should  remain  valid  for 
compressible  fluid  with  necessary  modifications  for  finite 
signal  speeds.  It  also  suggests  various  approaches  to 
the  solution  of  practical  problems  quite  different  from 
what  may  have  been  perceived  according  to  the  statistical 
theory  of  turbulence. 

SUMMARY  AND  CONCLUSIONS 

A  constructive  demonstration  of  the  deterministic, 
discrete  view  of  turbulence  was  given  through  computa¬ 
tional  solution  of  the  N-S  equations  in  three  space 
dimensions.  The  abrupt  or  discrete,  local  transition  is 
not  reconcilable  with  the  quasi-periodic  view  of  Landau- 
Lifshitz.  The  present  discrete  view  can,  however,  be 
brought  into  harmony  with  the  statistical  theory  of  Taylor, 
if  the  distribution  function  is  no  longer  conceived  as 
universal . 

A  physical  basis  of  the  deterministic  model  of 
turbulence  is  proposed  as  a  complex  wave  phenomenon 
induced  by  vorticity  transport.  Wave  coalescence  like 
repeated  solution  bifurcation  ad  infinitum  leads  to 
"ultimate  turbulence".  This  model  provides  rational 
explanations  to  various  experimental  observations  in 
turbulent  shear  flows  of  incompressible  fluids.  This 
model  is  equally  applicable  to  turbulent  shear  flows  of 
compressible  fluids. 
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Fig.  4.  u-w  velocity  components  in  horizontal  section 
at  y*  »  11  at  50  At. 
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Fig.  5.  pressure  profile  p  in  a  transverse  section  across 
the  spot  at  50  At. 


ig.  2.  u-v  velocity  components  in  plane  of  synzetry 
k  *  8  at  SO  At. 
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Fig.  6.  temporal  development  of  p  and  u  at  a  point  within 
v-w  velocity  components  in  a  transverse  section  the  spot  from  56  At  to  64  At. 

across  the  spot  at  SO  At. 
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ABSTRACT 

A  theoretical  study  is  made  of  the  structure  of 
the  fully  turbulent  boundary  layer  which  is  obtained  by 
injecting  a  fresh  reactant  mixture  through  a  porous 
flat  plate  into  an  incoming  flow  of  hot  products.  The 
aerothermochemistry  is  described  by  a  joint  probability 
density  function  of  the  velocity  field  and  the  product 
mass  fraction.  The  flow  is  described  by  means  of  similar 
solutions  of  the  complete  set  of  equations  for  mean 
quantities  and  second  order  correlations.  The  model  is 
validated  through  a  comparison  with  available  experimen¬ 
tal  data,  in  the  case  of  small  heat  release  and  moderate 
injection  rate. 

NOMENCLATURE 

c  product  mass  fraction 

f  similar  part  of  the  stream  function 

F  injection  rate 

1  length  scele  of  turbulence 

L  similar  part  of  1 

P  pressure 

IP  probability  density  function 

$  mass  weighted  kinetic  energy  of  turbulence 

g  similar  part  of  3( 

T  temperature 

V(u,v,w)  velocity  field 
x.y.z  cartesian  coordinates 
o,8,y  parameters  of  IP 
£  boundary  layer  thickiyips 

c,h  dissipation  rate  of  a"b” 

n  similarity  variable 

o  density 

r  heat  release  parameter 

3  chemical  production  rate 

>1  similar  part  of  iiT 

SUBSCRIPTS 

e  external 

p  product  (c  •  1) 

r  reactant  (c  ■  0) 

w  wall 

OWERSCRIPTS 

T,  a*  mean  and  fluctuating  part  of  a,  conventional 

^  average 

a,  a’  mean  and  fluctuating  part  of  a,  mass  weighted 
average . 

INTRODUCTION 


tion.  In  such  flames  the  mew  pressure  gradients  can  be 
self-induced  but  more  generally  depend  along  with  the 
Reynolds  stress  gradients  on  the  hydrodynamics  of  the 
flow  in  which  the  turbulent  flame  is  embedded.  It  is 
clearly  of  interest  to  determine  the  importance  of  these 
processes  in  other  turbulent  flows  involving  density 
inhomogeneities .  To  that  end  the  present  work  is  a 
theoretical  study  of  the  structure  of  a  turbulent  layer 
which  results  from  injection  through  a  porous  plate  of 
a  fresh  reactant  mixture  into  an  external  potential  flow 
of  the  fully  burned  products  of  that  mixture.  Such  a 
configuration  has  been  already  studied  in  the  case  of 
non  premixed  combustion.  The  work  of  Rosner  (197S)  deals 
with  the  cooling  of  a  plate  by  injecting  a 2  and  gives  a 
numerical  calculation  of  the  energy  and  mass  transfer 
rates  at  the  wall.  An  experimental  study  of  the  turbulent 
velocity  field  is  made  by  Wooldridge  and  Muzzy  (1966). 
More  recently  Senda  et  al  (1976,  1979)  have  presented 
measurements  of  the  turbulent  velocity  and  temperature 
fields  in  both  cases  of  reactive  and  non-reactive  flows. 
Concerning  the  case  studied  in  the  present  paper,  i.e. 
injection  of  premixed  air  and  reactant,  the  laminar  pro¬ 
blem  has  been  treated  by  Libby  and  Economos  (1963)  who 
assumed  similarity  to  solve  the  system  of  balance  equa¬ 
tions  for  velocity  and  mass  fraction  fields. 

Our  objective  is  to  describe  the  flow  field  by 
means  of  similar  solutions  of  the  complete  set  of  equa¬ 
tions  for  mean  velocity,  mean  product  mass  fraction  and 
all  second  order  correlation  and  using  the  Bray-Moss- 
Libby  model  for  the  aerothermochemistry  of  premixed 
turbulent  combustion.  Accordingly,  no  restrictive  closu¬ 
re  assumption,  such  as  the  introduction  of  a  positive 
eddy  viscosity,  are  made.  This  allows  the  existence ^and 
validity  of  gradient  laws  for  the  fluxes  u"v"  and  v"c" 
to  be  investigated. 


her  products 
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Fig.  1  -  Schematic  representation  of  the  reactive 
boundary  layer. 


In  a  serie  of  paper  Bray,  Libby  and  coworkers 
(Bray,  Moss,  1977  ;  Libby,  Bray,  1981  ;  Bray  et  al , 
1981)  show  that  within  turbulent  presiixed  flames  an 
interaction  between  the  density  fluctuations  due  to 
heat  release  and  force  fields  due  to  gradients  of  either 
the  mean  pressure  or  Reynolds  stresses  results  in  new 
processes  of  turbulent  transport  and  turbulent  produc¬ 


ANALYSIS 

Figure  1  indicates  schematically  the  physical  confi¬ 
guration  of  the  flow  investigated.  The  fresh  reactant 
mixture  is  injected  through  a  porous  plate  at  a  rate 
defined  by  : 


and  a  stream  function  if  is  introduced  such  that  : 


The  usual  approximations  made  in  studies  of  pre¬ 
mised  turbulent  combustion  are  retained,  namely  the 
Lewis  number  is  assumed  to  be  unity  the  Mach  number 
is  everywhere  small  so  that  the  pressure  is  negligible  ; 
and  the  flow  is  adiabatic.  Under  these  circumstance  and 
with  the  assumptions  of  fast  chemistry  and  intense  tur¬ 
bulence  the  Bray-Moss  thermochemistry  applies  so  we  have: 
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whare  t  is  a  ha at  ralaasa  parameter  clearly  defined  as  : 
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A  further  consequence  of  these  approximations  is 
that  the  multivariate  p.d.f.  of  velocity  and  progress 
variable  is  : 

I>(v,c;x>  -  o  i  (cMMv.Ojx)  ♦  8  5  ( 1  — c )  ]P(v,  1  ;x)  +0  (y )  (4) 
with  y  «  1 

where  on  the  right  side  are  conditional  p.d.f.'s  for 
reactant  and  products. 
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where  n  is  the  similarity  variable  defined  by  : 
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so  that  : 
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The  introduction  of  equations  ( 14 )  —  ( 15  >  into  eqs 
(6)  and  (8)  shows  that,  taxing  dfi/dx  as  a  small  para¬ 
meter,  the  existence  of  a  similar  solution,  at  first 
order  in  d6/dx,  requires  : 
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The  following  balance  equations  for  the  boundary 
layer  involving  Favre  averages  are  now  needed  in  a 
second  moment  formulation  : 
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and  the  chemical  production  term  must  be  such  that 
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where  SI  is  g?ven  by  Libby  and  Bray  (1980) 
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Similar  considerations  applied  to  the  balance 
equations  for  the  second  order  correlations,  Eqs  (9) -(13) 
are  more  complex  and  details  are  not  given  here.  Result 
of  the  analysis  indicates  that  a  consistent  formulation 
imposes  restriction  on  the  terms  describing  the  effects 
of  dissipation  and  pressure  fluctuations  and  leads  to  the 
well  known  approximation  associated  with  balancing  the 
two  dominant  terms  in  each  equation,  those  describing 
production  and  dissipation.  Thus  introducing  new  dimen¬ 
sionless  variables  : 
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eqs  (9)  -  (13)  reduce  to  : 
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where  D/Dt  is  the  mean  convective  operator. 

Similar  solutions  of  equations  (5)-(13)  are  sought 
by  defining  a  boundary  layer  thickness  6(x)  and  an 
external  velocity  profile  u((x)  such  that  : 


0(f)  (25, 

% 

Equations  for  u  and  c  become  in  due  course  the 
principal  equations.  The  closing  of  these  two  equations 
requires  expressions  for  G  and  G  (cf.  eqs  (16)-(17)), 
which  are  obtained  throughueqs  (22Y-(26).  The  modelling 
of  the  various  Eap  and  Pa^  quantities  is  made  after 
noticing  that  the  boundary  layer  we  consider  involve 
region  of  uniform  composition  i  »  I  and  region  of  uni¬ 
form  composition  Jr  *  0.  Since  in  these  regions  the 
distributions  of  the  statistical  properties  of  the 
velocity  components  are  not  uniform,  it  is  necessary 
to  supplement  the  model  used  in  studies  of  the  premixed 


turbulent  flames  reflecting  vaiiab' t  density  effects 
(Bray,  Libby,  1980)  with  conventionnal  models  for  cons- 
tant  density  turbulence,  within  the  context  of  Bray- 
Hoes  thermochemistry ,  we  deal  with  the  three  regions 
associated  with  8  *  1,  a  «  1  and  y  <<  1  and  introduce 
closure  approximations  which  describe  the  effects  in 
all  three.  Accordingly  in  eqs  ( 20) - ( 25)  the  dissipation 
e  of  a  quantity  g  is  written  as  : 
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where  Egr  and  Cg,p  are  conditioned  dissipation  terms 
within  reactant  and  products  respectively  fg  is  the 
dissipation  due  to  chemical  reaction  (Libby,  Bray,  1980) 
Eq  (26  )  has  the  virtue  of  having  the  paper  behaviour  in 
the  limiting  cases  of  £  «  0,  1  and  may  be  expected  to 
describe  satisfacorily  dissipation  for  general  values 
of  £ .  Derivation  of  new  balance  equations  for  these 
conditionned  dissipation  rates  is  an  uneasy  task  which 
leads  to  new  closure  problems.  To  avoid  this  difficulty 
we  choose  to  use  the  well  known  algebraic  model  : 

e  *  c  q  3/,^/l  a  »  r,p  (27) 
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where  1  is  the  length  scale  for  dissipation  in  both 
reactants  and  products  and  cu  is  an  empirical  constant 
with  the  value  0.09.  Now  aerothermochemical  considera¬ 
tions  related  to  the  effect  of  temperature  on  the  kine¬ 
matic  viscosity  and  to  the  rates  of  strain  in  reactants 
and  products  lead  to  the  relation  : 


we  conclude  from  Eqs  (32)  -  (33)  that  in  a  turbulent 
boundary  layer  described  by  a  similarity  solution  the 
dissipation  due  to  chemical  reaction,  found  to  be  impor¬ 
tant  within  turbulent  flames,  is  unimportant  and  that 
on  the  contrary  the  operative  dissipation  is  associated 
with  the  regions  of  constant  density. 

The  various  effects  due  to  pressure  fluctuations 
are  a  special  problem  in  reacting  flows  since  heat  re¬ 
lease  provides  a  distinct  source  of  such  fluctuations. 

At  present  we  must  ignore  this  source  and  assume  that 
the  conventional  models  for  these  effects  are  adequate. 
Accordingly  we  use  the  expressions  given  by  Launder  et 
al  (1975)  and  Hanjalic  and  Launder  (1972)  as  transcribed 
for  Favre-averaging  and  have  : 
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when  combined  with  the  values  of  a  and  8  this  leads  to  : 
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In  a  similar  fashion  the  additional  dissipation 
terms  are  modeled  with  the  contributions  in  the  constant 
density  regions  determined  after  Launder  et  al  (1975), 
and  with  those  within  the  reaction  region  after  Libby 
et  al  (1981)  ,-  we  have  : 
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where  c ,-c„  depend  explicitely  on  c ^  and  c^, empirical 
constants  with  widely  accepted  values  : 

c3  *  (c2  ♦  8)/U,  c4  =■  (30  c2-2)/55,c5  »(8c2  -  2)/ll 


It  is  easy  to  verify  that  these  pressure-velocity 
correlations  have  the  form  required  by  Eqs.  (20) -(21  )  . 
After  using  the  boundary  layer  assumptions  and  introdu¬ 
cing  similarity  forms  of  the  mean  flow  field,  the 
defined  by  Eqs.  (21)-(25)  are  : 
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If  Eqs.  (29)  and  (30)  are  put  into  similarity  form, 
they  yield 
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The  pressure-scalar  correlation  is  taken  from 
Hanjalic  and  Launder  (1972)  and  transcribed  into  Favre- 
averaqed  quantities.  In  terms  of  similarity  variables 
we  find  : 
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where  c  is  an  empirical  constant  with  the  widely 
accepted  value  of  3.2. 

We  are  now  able  to  assemble  the  expressions  for  Eap 
and  Pjj,  in  Eqs.  (22  ) -(25!  and  to  express  the  second- 
moment  correlations  in  terms  of  d1  f/dnJ  .  The  following 
results  : 


where  L  is  a  dimensionless  length  scale  defined  by 
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where  the  kinetic  energy  of  turbulence  Q  is  : 
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geometry  and  puaMtin  are  in  the  best  agreement  with 
tha  assumptions  mads  in  tha  prasant  study.  Than,  mean 
valocity  and  turbulant  kinetic  anargy  profilas  ara  com- 
parad  with  measurements  by  Sanda  at  ai.  in  tha  limiting 
casa  :  t  «  0.1,  S  J  0  and  no  chemical  production.  This 
axparimant  is  charactarizad  by  a  Reynolds  number  at  the 
measurement  location  x  which  is  about  104.  Tha  numeri¬ 
cal  value  of  di/dx  is  evaluated  to  be  0.04.  Thus  accor¬ 
ding  to  eg.  (44)  the  lower  value  of  the  injection  rate 
F  used  by  Sends  at  el.  (1979)  corresponds  to  f(o)  •  0.05 
in  our  study. 

Comparisons* are  given  in  figures  2a  and  2b  and 
show  a  relatively  good  agreement .  The  small  discrepan¬ 
cies  observed  at  both  edges  of  the  boundary  layer  for 
q  ara  due  to  the  fact  that  u"  ,  v ' 1  ,  w,!  depart  slightly 
from  similar  profiles. 


It  is  finally  shown  that  fluxes  and  G^  are 
expressed  as  follows  : 
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where  and  K,  are  two  constants  related  to  »u,  A  , 

Auv,  whose  numerical  walues  are  3.33,  6.37  respectively. 


Thus  the  usual  gradient  approximation  is  proved 
to  be  still  valid  for  the  Reynoldsstress  but  a  new 
term  appears  in  the  expression  of  v'c"  (GvC)  which  is 
non  zero  when  t  +  0. 

Final  similar  solutions  of  (5)-(  8)  can  be  written: 
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RESULTS  AND  DISCUSSION 

Equations  (41) -(42)  for  f  and  c  are  integrated 
using  the  quasi-linearization  technique  with  5  boundary 
conditions  including  the  wall  law  (n  *  0)  for  f,  df/dn, 
and  external  flow  conditions  (»)»♦")  for  c  and  f. 

In  particular  F  and  f(o>  must  be  related  through  : 

F  *  -  (1  ♦  S)  “  f(o)  (44  ) 

ax 

Numerical  solutions  are  obtained  for  a  range  uf 
values  of  the  heat  parameter  t,  the  injection  rate 
f(o)  and  tha  external  pressure  parameter  S.  The  numeri¬ 
cal  solution  of  the  equations,  for  any  values  of  t  and 
S,  is  found  to  be  increasingly  difficult  as  f(o)  increa¬ 
ses.  Thus  practical  considerations  limit  our  results 
to  flo!  ■  0.2,  which  correspond  to  a  moderate  but  not 
uninteresting  injection  rate. 

Before  presenting  and  discussing  general  results 
from  numerical  integration  of  eqs.  (41 ) — (42)  it  is  of 
interest  to  compare  the  numerical  predictions  with 
available  experimental  data.  As  we  have  already  pointed 
out,  the  experiment  of  Neunler  et  al.  (1982)  corresponds 
to  injection  rates  which  are  out  of  the  range  permitted 
by  the  numerical  analysis  performed  in  this  paper,  we 
have  selectedthe  experiment  of  Send a  et  al.  (1979)  whose 
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Fig.  2b  -  Kinetic  energy  of  turbulence, 
c  Sends  et  al.  (1979) 

—  present  work. 

In  the  general  case,  figures  3  and  4  show  the  mean 
velocity  and  product  mass  fraction  profiles  through  the 
boundary  layer  for  different  values  of  the  heat  release 
parameter  and  the  injection  rate. 

The  effect  of  the  transverse  mean  pressure  gradient 
on  the  turbulent  diffusion,  through  the  flux  term  v"c" 
is  illustrated  in  figure  5  where  a  comparison  is  drawn 
between  results  obtained  from  those  same  equations  (39)- 
(42)  where  the  transverse  pressure  term  is  numerically 
dropped.  It  appears  that  this  effect  is  relatively  small 
except  in  the  vicinity  of  the  outer  edge  of  the  boundary 
layer  :  this  difference  increasing  when  dP/dx  increases. 

*  Experimental  results  are  directly  compared  with  Favre 
mass  weighted  averages.  This  justified  when  the  heat 
release  parameter  is  small. 
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Thus  the  usual  gradient  lay  is  found  to  overpredict  the 
actual  value  of  the  flux  v"c"  close  to  the  wall  and  un¬ 
der  predict  it  close  to  the  outer  edge  of  the  boundary 
layer . 

The  distribution  of  turbulent  kinetic  energy  through 
the  boundary  layer  is  shown  in  figures  6,  7,8  for  dif¬ 
ferent  values  of  t,  S  and  f (o) .  In  figure  6  we  present 
the  Q  profiles  for  three  different  values  of  the  heat 
release  parameter.  The  decrease  of  the  maximum  value  of 
Q  for  increasing  t  is  due  to  the  dilatation  of  the  fluid. 
The  displacement  of  the  maximum  of  Q  towards  the  outer 
edge  of  the  boundary  layer  which  occurs  when  the  injec¬ 
tion  rate  is  increased  is  clearly  indicated  in  figure  7. 
This  mechanism  has  been  observed  experimentally  by 
Meunier  et  al.  (1983)  in  flows  with  higher  injection 
rates. 
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Variation  of  the  kinetic  energy  of  turbulence 
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Effect  of  transversal  pressure  gradient  on  c 
equation 

f(o)  •  -  0.2,  T  *  2.4,  S  »  0.5. 


Fig.  8  -  Effect  of  (dP/dx)e  on  the  Q  profile 
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The  structure  of  a  reactive  turbulent  boundary 
layer  obtained  by  injecting  a  fresh  mixture  of  reactant 
and  air  into  a  stream  of  hot  product  has  been  investi¬ 
gated  theoretically.  It  has  been  assumed  that  this 
combustion  is  mixing  limited  and  a  bi-modal  probability 
density  function  of  velocity  and  product  mass  fraction 
fields  has  been  introduced,  according  to  the  Bray-Moss- 
Libby  theory  of  turbulent  combustion.  Then  we  have 
shorn  that,  when  the  derivative  d6/dx  is  taken  as  a 
small  parameter,  similar  solutions  of  the  reactive 
boundary  layer  equations  can  be  derived  in  this  case. 

The  following  results  are  obtained  from  the  analysis 
of  the  problem  and  numerical  calculations. 

^i)  at  first-order  in  dS/dx  balance  equations  for  , 
v”1  ,  w“* ,  v*c"  reduce  to  four  "super-equilibriums". 
Moreover,  as  no  third  order  correlation  appear  in  these 
equilibriums,  no  further  closure  assumption  is  required 
to  solve  the  system  at  this  stage. 

(ii)  in  the  case  of  the  flux  u"9“ ,  the  usual  gradient 
is  shown  to  be  valid. 

'V 

(iii)  in  the  case  of  the  scalar  v"c“ ,  the  gradient  law 
is  modified  by  an  additional  term  proportional  to  the 
heat  release  and  to  the  mean  transverse  pressure  gra¬ 
dient.  This  term,  in  the  numerical  cases  investigated 
here,  is  always  smaller  than  the  gradient  term,  except 
in  the  vicinity  of  the  outer  edge  of  the  boundary  layer. 

(iv)  dissipation  through  the  flamelets  as  defined  by 
Libby  and  Bray  (1980)  appears  in  the  equations  at  a 
lower  order  than  the  usual  small  scale  model.  Then  the 
dissipation  rate  of  turbulence  in  the  reactive  boundary 
layer  is  directly  related  to  dissipation  rates  in 
fresh  mixture  and  burnt  gas. 
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ABSTRACT 

Turbulent  combustion  Is  discussed  with  a 
Lagranglan  point  of  new.  It  Is  shown  that  staple 
aodels  can  be  derived,  or  already  known  models  can  be 
very  well  explained.  In  the  oase  of  non  hoaogeneous 
turbulent  flow  field,  a  nodal  is  proposed  that  is  able 
to  handle  aultispecles,  non  Infinitely  fast  chaalstry 
In  a  turbulent  aadiun. 

nnraooucnoM 

During  the  five  or  tan  past  years,  the  prediction 
of  turbulent  flows  with  conbustion  has  been  classically 
led  by  numerical  naans,  giving  fairly  detailed  results. 
But  these  results  are  only  approximate ,  because  they 
are  obtained  froa  equations  where  many  physical  phe¬ 
nomena  are  ’modelled"  or,  even,  simplified,  and  the 
accuracy  of  each  approximation  is  difficult  to  assess. 

Two  types  of  methods  have  mainly  been  used  :  the 
first  coe  is  based  on  the  calculation  of  the 
probability  density  function  of  speolea  and  tempera¬ 
ture  ,  (p.d.P.)  by  naans  of  a  balance  aquation,  as 
Introduced  first  In  the  field  of  combustion  by  Do  peso 
and  O'Brien  (197*). 

The  second  one  Is  a  method  where  the  p.d.f.  is 
approximately  calculated  from  the  moments ,  which  are 
themselves  given  by  the  solution  of  their  balance 
equations,  Lockwood  and  Naguib  ( 1 r  ■’*5 ) ,  Bray  and  Moss 
(1977),  Borghi  and  Moreau  (1977)  and  Donaldson  and 
Varna  (1976). 

These  two  methods  suffer  from  deficiencies  of  two 
types  :  the  right  modelling  of  physical  phenomena  is 
difficult,  and  the  computation  tlae,  especially  for  the 
first  method,  can  be  prohibitive  If  a  multidimensional 
p.d.f.  is  needed.  One  way  to  remedy  to  these  faots 
could  be  the  use  of  Lagranglsn  models,  which  are  able 
to  improve  the  physical  significance  of  modelling 
assumptions  and  to  simplify  numerical  integration.  The 
first  advantage  of  Lagranglan  aodels  has  been 
emphasized  by  D.B.  Spalding  (1977)  and  led  him  to 
propose  his  ESCIMO.  The  second  one  has  been  noted  by  S. 
Pope  (1979),  who  established  a  oorrespondance  between 
p.d.f.  balanoe  equations  and  Lagranglan 
models  (or  "particle  aodels",  as  called  by  3.  Pope 
(1979).  Anyway,  Lagranglan  model  have  been  used 
previously  In  the  field  of  ohemloal  engineering 
Tamaxakl ,  and  Ichlgawa  (1970)  or,  even,  turbulent  com¬ 
bustion  (Frost  (1975)). 

This  paper  will  first  disouss  In  details  the 
perspective  of  Lagranglan  aodels  for  turbulent 
combustion  with  respect  to  their  ability  to  use  more 
phyaioal  closure  assumptions.  However,  for  practical 
use  (and  for  the  moment ) ,  It  will  be  proposed  to  adopt 
an  Sulerlan-Lagranglan  calculation  method  in  order  to 
compute  non  homogeneous  turbulent  flows  with 
o cm  bust ion;  a  particular  example  will  be  solved  and,  in 
addition,  an  Bulerlan-Lagranglan  version  of  ESCIMO  will 
be  given. 
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The  Lagranglan  aodels,  as  they  are  dlscussea  here, 
are  able  to  bring  new  lights  on  the  prediction  of 
turbulent  combustion  influenced  by  the  velocity 
fluctuations,  and  not,  on  the  contrary,  on  the  velocity 
fluctuations  modified  by  the  combustion  ;  this  part  of 
the  general  problem  is  to  be  attacked  by  classical 
Eulerian  equations. 

II.  LAGRANGIAN  MODELS  FOR  TURBULENT  HOMOGENEOUS 
REACTING  FLOWS 

We  oonsider  in  this  section  only  statistically 
homogeneous  turbulent  flows. 

II. 1.  The  I.E.M.  Lagraglan  Model 

For  many  years,  chemical  engineers  have  been  using 
a  Lagranglan  model  called  Interaction  by  exchange  with 
the  mean  (I.E.M. ),  in  which  the  mass  fraction  of  a 
fluid  particle  satisfies  the  Lagranglan  balance 
equation 

dt 

The  fluid  particle  is  small  enough  for  the 
reaction  rate  w  (which  is  assumed  here  for  simplicity 
to  depend  on  one  variable  Y  only)  to  be  given  by 
chemical  Idnetios  only  ;  the  mass  fraction  Y  is 
randomly  fluctuating,  due  to  the  turbulent  exchanges 
between  this  fluid  particle  and  the  others.  The  term 
(Y'Tyte*  models  these  exchanges,  and  is  the  core  of 
the  equation.  It  assumes  that  there  Is  an  exchange 
frequency  1/Tex>  which  is  known,  depending  only  on  the 
turbulence  Itself,  and  that  all  the  exchanges  with  any 
other  particle  are  well  represented  by  an  axchangejjlth 
a  "mean  particle",  that  is  having  a  mass  fraction  Y, 
the  mean  value  for  all  the  particles. 

The  previous  equation  for  Y  Is  not  a  random 
equation,  fare  is  no  random  term  in  it  ;  but  Y  is 
random  due  v  -  two  things  :  first ,  the  initial 
conditions  car  be  random,  second,  the  residence  time 
within  the  homogeneous  flow  field  is  random. 

In  a  steady  homogeneous  turbulent  medium  (an  ideal 
configuration  more  or  less  realized  in  the  "well 
stirred  reactor"  of  chemical  engineers),  we  can  write 

where,  P  (Y)  is  the  p.d.f.  of  Y, 

as  well  as  : 

flnj  r#).ftk)  f(fc)P.(Y.)«ltdY0 
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where  f  (t)  is  the  residence  time 
distribution,  and  P0(Y0) 

the  p.d.f.  at  the  inlet  (t  *  0)  ;  and  similarly  for  all 
other  moments  of  Y. 

This  Lagranglan  model  has  been  used  by  Aubry  and 
Villermaux  (1975),  Yamazakl  and  Ichlgawa  (1970)  in 
particular.  S.  Pope  (1979),  recently,  demonstrated 
that,  in  the  same  homogeneous  turbulent  flow  field,  the 
p.d.f.  balanoe  equation  found  by  Dopazo  and  0'R>'ien 
(197*1),  namely  : 


was  exaotly  equivalent  to  the  I.E.M.  model  with  4/tex 
6d/Aly  . 

tad,  In  general,  any  p.d.f.  equation,  where  the 
mixing  term  is  g(Y),  la  equivalent  to  a  Lagrangian 
model  where  the  exchange  la  modelled  as:  *f  (Y)  =  g 
(Y)/P(Y) 

The  study  of  V.*.  Frost  (1979)  takes  as  starting 
point  a  Lagrangian  model  of  about  the  same  type  : 

f±n  -f'Ll 


In  addition,  he  uses  a  Lagrangian  model  for  the 
velocity  fluctuations,  In  the  form  of  a  Lange vin 
equation  :  _  -»  -X»  .  v  -» 

where  f  is  random  foroe,  of  Markovian  type,  related  to 
the  turbulence  kinetic  energy.  He  was  able  to  derive 
the  Joint  probability  density  function  ff  CY, T)  as  : 


which  is  exactly  similar,  concerning  Y,  to  the  one  of 
Dopaxo  and  O'Brien  . 

In  the  I.E.M.  model,  TV*  •  u  wall  as  and  Zlt 
In  the  Proat  model,  or  6d/  in  the  Dopezo-O’ Brian 

equation,  has  to  be  prescribed,  related  to  the 
turbulenoe.  Indeed,  a  turbulence  model  need  to  be  joint 
with  the  turbulent  combustion  model  in  order  to  compute 
the  time  scale  .  A  classical  assumption  is  to 
simply  relate  "Cr*  proportionally  to  T«.  ,  Tm  being 
defined  as  a  time  scale  of  the  velocity  fluctuations, 
for  instance  k/<  ,  if  a  k-4  model  is  used. 


Mixture 

It  is  easy  to  generalize  the  I.E.M.  model  to 
multiremctlve  mixtures,  and  this  will  allow  ua  to 
compute  very  simply  the  multidimensional  p.d.f., 
knowing  only  the  p.d.f.  for  one  particular  species,  for 
instance  an  inert  tracer. 

In  a  multireactive  mixture,  the  I.E.M.  model 
reads: 

Cm.*. 

Assuming  for  the  moment  that  the  Y1  are  known,  the 
previous  equations  can  be  simultaneously  integrated  to 
give  Y1  *  Y1  (t,  H0), Vi  ;  if  we  consider  now  the  phase 
plane  where  Yi,  one  inert  traoer,  and  one  Y1  are  on  the 
two  axes,  both  relations  Yi  *  Yi  (t,  Yi  )  and  11  =  Yi 
(t,  Yi0)  represent  a  single  trajectory  Beginning  at 
(Yio,  Yl0)  and  finishing,  for  t  :  ^  ,  at  the  same 
point  where  w -  i ClfonA  Yi  *  Yi- 

In  the  particular  case  where  P0(Y0)  is 
concentrated  at  the  two  points  (Yio,  Yi0)  and  (o,o), 
the  figure  1  shows  an  example  of  the  two  trajectories 
obtained. 


^  Of  course,  we  do  not  know  for  the  moment  neither 
Yi,  nor  Yi,  but  it  is  easy  to  see  that,  l^we  know 
P0  (Yio, Yio)  andX*^)-  or  equivalentely  P^(Yi),  it  is 
possible  to  find  Pi  (Yi)  and  consequently  Yi  ;  indeed 

Plcii)--  Jfp°  ■  5 i\ (»i ,U,U .)) ii. d M Yvo 

or  slaply,  in  the  case  of  fig.  1  : 

where  Y*  (Yi)  is  the  equation^of  the  two  trajectories 
and  YV*  •  Whatever  Pi  (Yi)  can  be,  the  I.E.M. 

model  leads  to  the  result  that  the  multidimensional 
p.d.f.  occupies,  in  the  multidimensional  phase  plane, 
only  the  trajectories  determined  by  the  Lagrangian 
balance  equation  and  the  known  inlet  conditions.  In  the 
simple  case  where  the  homogeneous  flow  field  is  feeded 
by  two  different  Jets  of  known  composition,  the 
multidimensional  p.d.f.  is  then  only  one  dimensional  : 
it  oocupiea  only  a  segment  of  a  curved  line.  More 
details  on  these  trajectories  can  be  founf  by  Borghi 
and  Pourbaix  (1981). 

This  very  simple  conclusion  will  allow  us  to 
attempt  very  easily  the  computation  of  multireactive 
turbulent  flows.  Previously,  more  than  two-dimensional 
p.d.f.  waa  clearly  improper  to  numerical  computation, 
either  with  the  p.d.f.  equation  or  with  the  moments 
equations  (may  be  the  monte  carlo  method  of  Flagan  and 
Appleton  (1974)  or  Pope  (1981)  remained  the  only  hope). 
In  addition,  we  can  see  that  simplifications  like  the 
one  used  by  Janicka  and  Kollman  (1978),  which  assumes 
that  a  reactive  species  Yi  and  an  inert  one  Yi  are 
fluctuating  indpendently  : 

T  (Yl.Yi)  c  Pi  (n).PT  (yi)  are  clearly  in 
contradiction  with  the  simple  I.E.M.  model  :  here  Yi 
and  Yi  are  so  strongly  related  that  Yi  =  Yi*(Yl) . 

II. 3.  Possible  Improvements  of  the  I.E.M.  Model 

a)  Of  course,  the  I.E.M.  model  is  Just  a  model, 
and  we  have  for  the  moment  no  direct  proof  that  it  is 
realistic.  In  fact,  we  already  know  that  the  Dopazo 
O'Brien  closure  assumption  is  in  some  aspect 
unrealistic,  and  it  follows  that  the  I.E.M.  model 
possesses  the  same  discrepancy.  The  Curl  model,  or  the 
one  proposed  by  Janicka  et  al.  (1978),  seem  more 
satisfactory  ;  they  have  been  proposed  as  closure 
assumption  for  the  p.d.f.,  equation,  and  can  be 
incorporated  into  a  Lagrangian  model  ;  the  differential 

equation  would  be  more  complicated  that  the  one  with _ 

the  I.E.M.  model,  and  the  mixing  term  would  involve  Pi 
(Yi)  itself  and  not  only  Yi. 

It  is  easy  to  see  _that  the  important  property 
found  in  II. 2,  that  is  7  (Yi,  Yi)  ocoupies  Oiiiy  known 
lines  in  the  (Yi,  Yi)  plane,  bolds  also  with  these  new 
models  ;  in  fact  any  mixing  term  of  the  type  d/T**  .g 
(Pi  (Yi))  will  give  the  same  result.  The  crucial  point 
1a  the  knowledge  of  the  exchange  frequency  :  if  TV* 
is  a  non  random  quantity,  the  previous  property  holds. 

b)  A  better  model  would  be  probably  one  involving 

a  random  exchange  frequency.  Indeed  k/s  represents 
only  a  mean  turbulent  time  scale,  and  a  full  spectrum 
of  TV  exists,  ranging  from  a  few  times  k/«  to  T*  , 
the  Kolmogorov  time  scale  (T*  *  (e.  )-1/2).  in  order 

to  incorporate  this  in  the  I.E.M.  model,  or  the  others 
extracted  from  the  Curl  or  Janicka  assumptions,  we  need 
only  to  consider  the  same  differential  equation,  but 
with  1/T,  random  parameter,  instead  of  1/Tex- 

The  joint  p.d.f.  P(Yi,  Yi)  in  the  (Yi,  Yi)  plane 
is  then  thickened  as  shown  by  the  trajectories  of  fig. 

1  bis. 


Fig.  1  bis  -  Each  trajectory  corresponds  to  a  value  of  Ur. 
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Of  course,  the  p.d.f.  of  1/t  is  now  to^be  given, 
or  calculated,  in  order  to  get  the  coaplete  P  ( Y i ,  Yi). 
In  an  homogeneous  turbulent  medium,  this  new  p.d.f.  is 
to  be  related  to  the  autocorrelation  curve  for  the 
velocity  fluctuations. 

It  is  to  be  noticed  that,  if  Yi  was  an  inert 
species  like  Y i  ,„_yith  the  same  molecular  diffusion,  the 
Joint  p.d.f.  of  P  (Yi,  Yi)  would  not  be  thickened  by 
the  fluctuations  of 'S'  .  Indeed,  if  we  consider  the 
simple  case  of  fig.  1,  the  Joint  p.d.f.  would  always  be 
the  straight  line  Ii»Y;..Y,.  /Yifollowejfrco  the  similarity 
of  the  exact  balance  equation  for  Yi  and  Yi  (see  Borghi 
(1979)).  Then,  the  effect  of  the  random  nature  of  "C  is 
amplified  by  the  reaction,  and  because  combustion  is  a 
non  linear  reaction  (that  is  a  reaction  with  a  strongly 
varying  time  scale)  the  mean  line  of  the  Joint  p.d.f  of 
fig.  1  bis  is  not  a  curve  corresponding  to  the  mean 
1/T'  i  it  corresponds  to  another  trajectory  given  by  a 
Lagranglan  model  where  1/  "S'  is  not  constant  but 
depending  on  the  w. 

c)  In  the  limiting  case  where  the  combustion  is 
very  fast  with  respect  to  the  mixing  (and  the  Reynolds 
and  Peclet  numbers  are  very  large),  the  previous 
trajectories  are  easier  to  find.  Let  us  consider  first 
the  case  of  a  premixed  combustion  in  a  ideally 
homogeneous  burner  feeded  by  fresh  mixture  and 
perfectly  burnt  gases  (for  stabilization).  If  the 
combustion  is  very  fast,  the  p.d.f.  of  the  fuel,  for 
instance,  is  composed  only  by  two  peaks,  corresponding 
to  the  fresh  mixture  or  to  perfectly  burnt  gases  ;  on 
the  other  hand  the  p.d.f.  for  the  tracer  involves 
intermediate  states.  We  obtain  therefore  fig.  2. 


Fit  2  —  Joint  p.d.f.  for  Y,,  Y>  intfuoi  toon  promixod  fiomo  with  very 
foot  comOuttion  (Yf  it  tf to  fuoi  mom  fnetionl. 

Let  us  consider  now  the  case  of  a  diffusion  flane 
when  the  chemical  reactions  are  very  fast .  Fig.  2  bis 
shows  the  trajectories  obtained,  and  Pp(Yp)  related. 


Fig.  2bd  -  Joint  p.d.f  Y , .  y  r  tor t  drffutton  flomo  w  i  very  fttt  rooction. 


The  heavy  lines,  on  the  Yi,  Yp  plane  correspond  to 
the  case  where  a  single  reaction  oocurs  between  fuel 


and  oxidizer,  for  Instance  F  v.O-jP,  and  where  Yo  end 
Yp  have  the  same  diffusion  coefficient  ;  in  this  case 
the  very  fast  reaction  assumption  implies  that  either 
Yp  or  Y0  are  zero,  and  that  rYp  -  Y0  is  a 
conserved  species  ;  the  trajectores  are  then  composed 
otlp  *0  when  Yi  <  Yiat=  Yo.  /'(rYp0  ♦Yoo)  and  a 
straight  segment  Joining  (Yiat,  0)  to  (Yio,  Yp0)  when 
Y 1  y  Yiat .  In  the  case  where  the  combustion  cannot  be 
represented  by  a  single  reaction,  and  if  the  Lewis 
numbers  of  all  involved  species  are  unity,  the  two 
straight  lines  become  one  curve,  corresponding  to  the 
chemical  equilibrium  to  the  mixture,  which  is  shown  as 
the  broken  heavy  line  on  the  diagram. 

ill  Lagranglan  models  must  exhibit  such  a 
behaviour  in  these  limiting  cases.  The  IBM  model  with 
infinitely  small  chemical  time  does  give  the  right 
answer  in  both  cases. 

The  differential  equation 

dYi/dfc K7i-Yi)/T«  uLi  ('1+')  with  very  large  w  leads 
in  a  very  short  time  to  the  quaji  steady  state  for 
reactive  species,  where  w^fti  while  the  inert 

tracer  behaves  gently. 

In  the  case  of  a  premixed  lean  flame,  the 
trajectory  issued  from  Yio,  Tpo  is  then  a  straight  time 
parallel  to  the  Yp  ud,,  followed  by  a  line  very  close 
to  the  Yi  axis,  corresponding  to  the  quasi  steady 
state,  which  is,  for  Yp,  YpCXO.  The  quasi  steady  state 


If  we  Integrate  thj^  relation  in  order  to  ofetain 
the  mean  reaction  rate  wp,  one  gets  easily  that  wp  = 

S (Yp  z  0).  (-Yf  )•  where  %  (Yf  *  0)  is  the  area 

of  the  peak  situated  in  Yp  =  0  on  the  Yp  p.d.f.  ;  but 
&(Yp  z  0)  *  1  -  fc  (Yps  Yp0)  =  1  -ip/Ypo,  and  that 
gives  finally  : 


This  formula  is  exacty  the  one  derived  from  the 
Bray  and  Moss  model  (1977),  and  very  similar  to  Eddy 
break  up  model  of  D.B.  Spalding  . 

In  the  case  of  the  diffusion  flame,  the  trajectory 
Issued  from  (Yio,  Yp0)  attain  instantaneously  the  quasi 
steady  state  too,  but  it  corresponds  here  to  Y.  sr  0 
and  Yp  varies  aocording  to  ~i ft  »  y,  with  4  ~  r 

until  ^  becomes  zero  (and  Yf  *="^lst)  i  at  this  point 
we  cross  the  stoeehiometrlc  line  and,  after  that,  Yp 
remains  close  to  zero.  The  Instantaneous  reaction  rate 
wp  can  also  be  deduced  from  the  I.E.M.  model  ;  when  Yi 
y  Y1st,  Wozri^s-t^tand  when  Yi  /  Ylat,  wp 

;  we  obtain  finally  1 

’itt  °  j 

This  formula  is  the  dlffusional  version  of  the 
Eddy  Break  up  model  ;  of  course  it  is  fully  posslble^o 
avoid  the  use  of  such  a  formula  in  order  to  compute  Yp, 
as  we  can  have  it  simply  by: 

"in 

where  Yp  (Yi)  is  the  equation  of  the  straight  segment 
Joining  (Yiat,  0)  to  (Yio,  iFo).  This  later  formula  is 
evidently  the  same  one  that  derived  following  the  ideas 
originated  by  Toor  (see  for  Instance  Lin  and  O'Brien 

( 197*0 ) . 

b)  The  real  Lagranglan  equation  is,  in  any  case  : 


The  role  of  Lagranglan  models  is  to  approximate 
the  first  term  on  the  right  hand  side,  because  it  is 
impossible  to  compute  for  turbulent  flows. 

When  we  suspect  that  the  turbuienf  motion  acts  only 
to  randomly  displace  flame  fronts  or  diffusion  fronts 


V  V 


^1 


(that  la  any  length  seals  and  tlaa  soals  of  the 
turbulence  are  large  enough  with  respect  to  the  ones 
related  to  the  laainar  fiaaue ) ,  we  can  replace  this 
equation  by  its  known  solution  (by  experlaental  or 
theoretical  aeans)  for  purely  laainar  flaae.  Then  the 
trajectories  in  any  plane  Yi ,  Yi  are  given  by  the 
deterministic  relation  ti  ( Y  j )  existing  in  the 
corresponding  laainar  flaae. 

We  Join  here  the  "flaaelet  model"  use  recently  by 
Bray,  Moss  (1981)  in  order  to  compute  CO  production  in 
a  turbulent  diffusion  flaae. 

When  the  tiae  scales  of  the  turbulence  are  small 
enough  to  interact  with  the  ones  of  the  laainar  flaae, 
these  laainar  flaaelets  are  stretched  by  the 
turbulence.  There  are  many  trajectories  :  Ti  (Y1,y  ), 
each  one  corresponding  to  a  laainar  flaae  with  a 
particular  stretching  rate  if  .  If  we  can  know, 
theoretically  or  experimentally,  the  relation  Ti  (Yi,*) 
,  we  can  use  it,  Jointly  with  the  probability  density 
function  of  Ti  and  V  (which,  perhaps,  may  be  separated 
in  two  independent  p.d.f’s),  to  compute  all  Ti  etc... 

We  join  here  the  recent  discussion  of  N.  Peters  (1983), 
and  similarly  the  ideas  of  D.B.  Spalding  for  ESCIMO 
(1977),  and  of  Broadwell  and  Marble  for  their  "Coherent 
flame  model"  (1977).  But  when  the  length  scales  of  the 
turbulence  are  small  enough  compared  to  the  laminar 
flame  length  scales,  the  flamelets  do  not  exist  anyway; 
instead  of  flamelets,  the  turbulent  reacting  medium  is 
occupied  by  interactions  of  flamelets,  and  the  solution 
of  the  lagrangian  equation  cannot  be  performed  for  each 
individual  flamelet.  Physical  modelling  is  then  needed 
in  this  case,  and,  in  particular,  the  model  I.E.M. 
intend  to  address  these  phenomena. 

III.  EULERIAN-LAGRANGIAN  METHODS  FOR  NON  HOMOGENEOUS 
TURBULENT  REACTING  FLOWS 

III.1.  Extension  to  Non  Homogeneous  Turbulent 

Reacting  Flows 

We  consider  now  a  non  homogeneous  turbulent  flow, 
and,  more  precisely,  the  case  of  a  turbulent  flame 
within  the  mixing  zone  of  two  parallel  streams A  and  B, 
as  schematized  fig.  3. 


Fig.  3- 


The  problem  that  we  intend  now  to  discuss  is  the 
use  of  Lagrangian  models  for  non  homogeneous  flows.  The 
aodel  of  Frost  (1975)  is  a  way  to  solve  this  problem  ; 
but  Frost,  in  fact,  did  not  solve  directly  the 
Lagrangian  equations  ;  he  solves  the  p.d.f.  equation  to 
what  the  model  led. 

In  the  case  of  very  fast  reactions  and  when  the 
Lewis  numbers  of  all  involved  species  are  unity,  the 
generalization  to  non  homogeneous  flows  is 
straightforward.  Neither  for  premixed  flames,  non  for 
diffusion  flames,  the  trajectories  of  fig.  2  and  2  b. 
have  to  be  influenced  by  the  non  homogeneity.  It 
^uffioea,  then,  to  get  a  right  calculation  of  (YI  ; 
x),  at  each  point  of  the  flow  field,  to  solve  the 
problem. 

We  shall  now  propose  two  Lagrangian  non 
homogeneous  models,  whioh  will  leads  to  Eulerian* 
Lagrangian  calculation  methods.  One  is  the  extension  of 
the  I.E.M.  aodel,  the  other  one  appears  almost 
equivalent  to  the  ESCIMO  aodel  of  D.B.  Spalding.  (1977) 

III.2.  The  Eulerlan-Lagranxlan  Extension  of  I.E.M. 

Model 

A  Lagrangian  model  as  discussed  previously  cannot 
be  applied  directly,  because  neither  il  or  Pi  (Ti),  nor 
‘V  ax  are  constants  along  the  physical  trajectories 
between  A,  or  B,  the  inlet  streams,  and  the  point  P. 

But  wo  can  continue  to  use  the  homogeneous  aodel,  in 
the  vicinity  of  any  particular  point  P,  provided,  that 


we  consider  that  the  initial  points  Ti0  of  the 
differential  equations  do  not  correspond  to  the  streams 
A  and  B,  but  constitue  a  sat  of  parameters,  to  be 
chosen  conveniently.  With  this  principle  in  mind,  we 
can  propose  the  following  Eulerlan-Lagranglan  method. 

1)  We  know  that  the  turbulent  flow  field  can  be 
calculated  with  Eulerian  balance  equations  for  mean 
velocity,  turbulent  kinetic  energy  k,  dissipatiog^rate 
€  ;  with  equations  for  the  mean  concentration  Yi  of 

an  inert  species  (assumed  injected  with  B  only)  and  the 
varianoe  Y’^  ,  we  can  compute  at  each  point  of  the 

flow,  the  p.d.f.  of  Yi,  assuming  a  particular  shape 
(for  Instance  a  /i  -function)  ;  it  is  possible  also  to 
compute  P;  ( Y i )  more  exactly  but  less  easily,  with  a 
balance  equation  conveniently  closed. 

ii)  Then,  considering  all  the  reactive  species  Yi, 
we  can  compute  the  two  trajectories  Issued  from  A  and 
B,  with  the  homogeneous  Lagrangian  model  applied  to 
each  point  of  the  flow,  and  with  the  balance  equation 
for  Ti  : 


We  need  for  that  to  rely  and  to  k  and  £  , 
and  we  use  classical  relations  : 


Tei  w  W|£  )  /fi 

The  chemical  source  term  is  closed  owing  the  knowledge 
of  the  trajectories  in  the  phase  space ^§nd  Pi  (Yi). 

iii)  We  .can  also  compute  all  the  Pi  (Yi),  and 
recalculate  Yi  by 

? rt*4fcp(^y  ^  («  £L) 

This  new  Yi  will  not  coincide  with  the  one 
computed  with  the  Eulerian  balance  equation,  because 
the  p.d.f.'s  are  wrong  :  only  two  trajectories  have 
been  considered,  as  in  the  case^gf  homogeneous  flows. 
But  we  can  correct  all  the  Pi  (Yi)  with  other 
trajectories,  one  for  each  Yi,  in  order  to  get 
colncidenoe  in  the  two  values  of  Yi.  This  implies  only 
a  linear  set  of  equations  to  be  solved  if  the  initial 
points  Yi0  are  chosen  ;  if  these  initial  pointsjar# 
chosen  on  the  limits  of  the  domain  allowed  for  P(Yi, 
Yi),  as  shown  in  fig.  3bis,  the  linear  set  of  equation 
will  have  always  a  physical  solution. 


Fig.  3 bis  -  Allowad  domain  and  tra/actonat  for  P  (Yt  Y f)  whan  Y p  in 
tha  fuat  consumad  by  raaetion,at  tha  point  P  of  the  flama  of  Fig.  4. 

iv)  It  is  possible  again  to  refine  the  shape  of  P 
(Yi,  Yi)  adding  new  trajectories,  in  orter  to  verify 
the  Eulerian  balance. equations  for  the  Tv* ;  after  that, 
we  caneonsider  the  YiY{  and  so  on  ... 

If  the  heat  release  is  low,  the  steps  ii),  iii), 
iv)....  would  not  modify  the  step  i)  ;  but  this  is 
generally  not  the  case  for  combustions,  and  iterations 
have  to  be  performed  ;  there  is  no  guaranty  that  they 
will  converge,  but  our  experience  has  shown  that  they 
do. 

We  remark  that  the  way  to  compute  the  turbulence 
in  this  method  is  fully  classical  ;  of  course,  we  can 
improve  that,  when  it  is  necessary,  following  tha 
results  of  new  researches  on  the  influence  of 
combustion  on  turbulence. 

The  Eulerian-Lagranglan  method  explained 
previously  has  been  success-fully  applied  to  the  case 
of  a  premixed  turbulent  flame  in  a  parabolic  mixina 
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layer,  where  the  combustion  has  been  modeled  aa  a 
single  reaction,  and  using  the  simple  I.E.M.  model.  The 
steps  1),  11),  111),  have  been  operated  with 
satisfactory  convergence  In  Borghi  and  Pourbalx  (1983). 
A  first  attempt  to  compute  a  more  complicated  chemistry 
has  also  been  made,  but  only  with  the  step  1)  and  ii) 
(see  Borghi  and  Pourbaix  (1981)). 

III. 3.  The  Eulerlan-Lagranglan  Version  of  ESCIMO 

a)  ESCIMO  is  a  Lagrangian  model  too  ;  but  the 
fluid  particle  that  is  considered  is  not  as  small  as 
the  previous  one  :  there  is  a  structure  inside,  which 
consists  In  a  laminar  flame  (or  quasi  laminar) 
propagating  ;  the  turbulence  itself  acts  at  the  scale 
of  the  fluid  particle  (called  here  a  "fold"), 
stretching  It  without  any  exchanges  of  mass  .  These 
particular  types  of  fluid  particles  have  to  be  produced 
in  the  mixing  and  reaction  zone  ;  consequently,  in 
addition  a  birth  rate  and  a  Pb  (Yi)  of  these  folds  have 
to  be  prescribed. 

This  is,  strongly  summarized,  the  essenoe  of 
ESCIMO. 

One  can  represent,  In  the  plane  (Tq ,  ly),  the  P 
(Ii,  Ip)  that  is  Implied  by  the  model  ;  here  Ii  and  Yy 
are  the  mass  fraction  of  one  inert  and  the  fuel, 
respectively,  within  the  fold  :  they  are  mean  values  at 
the  scales  smaller  than  the  fold  itself.  The  fig.  4 
shows  the  trajectories  obtained. 


precise;  in  particular,  is  to  be  proportional  to  the 
integral  scale  l»w3/2/g  or  the  Taylor  microscale  A, 
for  the  species^Ji  ?  The  question  is  of  importance  :  in 
the  first  case  wy  would  be  influenced  by  the  molecular 
diffuslvlty  and  a  chemical  time,  both  appearing  through 
uy  ;  in  the  second  one  the  molecular  diffuslvlty  would 
disappears,  as  uy«<.  d1''2  as  well  as  AJ- 

_ _ _  b)  Taking  into  account  only  one  birth  point  (lb  * 

Ii)  is  probably  a  shortcoming  of  the  ESCIMO  mogel.  It 
is  possible  to  avoid  that,  taking  advantage  of  Pi  (Ii). 

We  will  now  identify  the  folds  with  fluid 
particles,  and  the  birth  points  will  be  defined  as 
points  where  a  turbulence  time  is  equal  to  a  given 
chemical  time.  Suppose  we  know  an  ignition  delay,  as  a 
function  of  temperature  and  concentrations,  for  a  given 
reaction  ;  nonburning  fluid  particles  corresponding  to 
a  point  on  the  diagonal  in  the  plane  Cl i,  ly)have,  each 
one,  an  ignition  delay  XKyj;  if,  for  the  same 
particle,  there  is  a  range  of  turbulence  times  around 
the  mean  value  k/m.  ,  the  probability  that  the  particle 
will  be  ignited  is  the  probability  that 

We  propose  then  a  model  where  Pb  (Ii)  is  a  curve 
depending  on  two  parameters  :  the  first  one,  the  mean 
value  lb.  is  to  be  related  to  the  ignition  chemistry 
and  k/c  ;  the  second  one ,  caracterlzing  Yb,  is  to  be 
related, in  addition, to  ly-.  In  terms  of  Pb  (Il^x,, 
referring  to  Fig.  4,  one  can  easily  show  that  TyTas 
defined  in  sec.  III. 2)  is  given  t>y  ; 

%L--  P’llz  YaXw(Ye  )  K 
' 0  1*0  ' 
where  Xb  (I,)  *  f  \  7^4  Vb 


one  obtain  also  :  »  ^ 

=.  -  Yf  f  >0(a  -XjY«l)  $  (Yi)d  Y, 
*  W) 


Fig.  4  -  Tnioctorm  in  th*  c am  of  9  mod*!  of  th*  typo  of  ESCIMO.  with 
vory  suddon  combustion. 

Before  the  birth  points,  nothing  can  occur, 
except,  perhaps,  small  soale  mixing  ;  then  all  birth 
points  are  on  the  straight  line  AB.  After,  each  fold 
evolution  is  such  that  the  inert  matter  inside  is 
constant  and  the  fuel  is  decreasing.  Of  course,  this 
stops  when  there  is  no  more  fuel. 

The  the  ESCIMO  model  appears  as  a  Lagrangian 
model  with  very  sudden  combustion,  but  not  very  fast 
combustion.  In  the  first  calculation,  D.B.  Spalding 
chose  only  one  birth  point  :  this  can  be,  at  first 
sight,  Justified  by  the  fact  that  the  "folds"  are  not 
fluid  particles,  but  "coherent  structures",  and  their 
p.d.f.  are  consequently  thinner  than  Pi  (Ii)  Itself.  As 
a  first  approximation,  we  can  assume  that  Pb  (Ii)  *  % 

( I 1 -lb) >  and,  in  an  homogeneous  medium,  it  follows  that 

ib  =  tr. 

The  Lagrangian  equations  of  ESCIMO  are  : 

££e  s  +  *  -  !*£  ,  4f  Me 

laminar  n.aae  speed  (inside  the  fold)  and 
«AA /Jfe «  -  X/f  ;  by  elimination  of  t  and  >.  ,  it 

cornea: 

<*YF/dfc  «  -  (VYp)/r  -AAg/jlo 

where  X  is  the  turbulent  stretching  time  (again  k/e), 
and  A,  the  size  of  the  folds  at  their  birth,  that  is  a 
turbulence  length  soale  for  the  inert  species  Ii.  By 
averaging  wy,  we  simply  obtain  : 


_  (T  Ao 

This  formula  consitutes  the  mean  reaction  rate  of 

ESCIMO,  in  the  case  we  are  interested  only  in  ly  and 
not  in  other  species,  and  neglecting  the  Influence  of 
the  stretching  on  uy.  It  avoid  any  computation  of 
residence  time  distributions,  at  the  contrary  of  the 
original  ESCIMO,  of  purely  Lagrangian  type  ;  instead  of 
that,  a  simple  calculation  of  Ii,  an  inert  species 
diffusing  like  the  fuel,  is  needed. 

The  physiaal  meaning  of  "X  is  such  that  it  can  be 
identified  with  k/«  ,  but  the  one  of  >0  is  not  too 


tb  can  be  prescribed  such  that  k/6  a Y,  ( Yb)  , 
being  an  appropriate  chgmlcal  model  for  the 
ignition  jjelay.  Jlfter  that  Y^1  has  to  be  adjusted  to 
identify  Yy1"  and  ly  calculated  from  the  Eulerian  balance 
equation  with  the  previous  wy  ;  simple  shapes  for  Pb, 
depending  on  three  parameters,  can  be  used,  as  the 
clipped  gauss ian  one,  or  one  with  peaks  and 
rectangles. . . 

IV  CONCLUDING  REMARKS 

The  use  of  a  Lagrangian  view  is  usefull  to  study 
turbulent  combustion.  The  main  results  of  the 
discussions  presented  here  can  be  susmarlzed  as  follows 

1)  A  Lagrangian  view  in  the  "phases  plane"  for  a 
reactive  (consumed)  species  and  an  inert  one  give  us 
simple,  or  less  simple,  turbulent  combustion  models. 

ii)  The  problem  of  multispecies,  non  infinitely 
fast  turbulent  combustion  can  be  attacked  also  with 
some  chances  of  success,  contrary  to  the  previous 
p.d.f.  approaches. 

Hi)  A  coupling  -  veen  Lagrangian  calculations  in 
the  phases  planes,  and  Eulerian  calculations  in  the 
physical  plane  is  very  suitable  for  non  homogeneous 
flow  fields.  First  practical  calculations  have  been 
successfully  performed  by  Borghi  and  Pourbaix  (1981). 
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ABSTRACT 

This  paper  describes  a  new  combined  laser  Doppler  veloci- 
meter-laser  Raman  scattering  apparatus  which  simultaneously 
measures  velocity  and  scalars.  Measurements  in  a  ducted 
nonpremixed  turbulent  flame  using  this  apparatus  are  pre¬ 
sented.  Results  include  an  analysis  of  the  turbulent  momen¬ 
tum  transport  and  both  conventional  and  Favre  averages  of 
variables. 

INTRODUCTION 

Analytical  and  numerical  solutions  of  the  time-dependent 
Navier-Stokes  equations  for  turbulent  fluid  flow  are  not  in 
general  possible  with  existing  methods,  and  such  solutions  are 
improbable  for  the  forseeable  future.  In  lieu  of  direct  solution 
of  the  Navier-Stokes  equations,  the  most  common  approach  is 
numerical  solution  of  the  time-averaged  Navier-Stokes  equa¬ 
tions.  It  is  not  possible  to  solve  the  time-averaged  equations 
without  relying  on  empiricism  to  model  the  new  correlation 
terms  that  emerge  as  a  consequence  of  time-averaging  the 
nonlinear  terms.  This  empirical  approach  has  been  most  suc¬ 
cessful  for  constant-density,  nonreacting  flows  for  which  the 
largest  set  of  experimental  observations  exists.  The  extension 
of  these  submodels  to  turbulent  combustion  presents  two  ad¬ 
ditional  problems:  1)  how  to  incorporate  the  variable  den¬ 
sity  aspect  of  the  flow  into  the  model  and  2)  how  to  model 
the  chemical  reactions  (which  have  an  exponential  tempera¬ 
ture  dependence)  when  the  temporal  and  spatial  fluctuations 
of  temperature  are  comparable  to  the  mean  temperature. 
Progress  in  the  modeling  of  turbulent  combustion  will  be  ac¬ 
celerated  by  obtaining  measurements  which  address  these  two 
problems. 

Measurements  in  turbulent  reacting  flows  have  been  fewer 
and  of  greater  uncertainty  than  measurements  in  nonreacting 


flows,  largely  due  to  the  hostile  enviroments  associated  with 
turbulent  combustion  which  make  conventional  measurements 
difficult,  if  uot  impossible.  The  emergence  of  laser-based 
diagnostics  in  the  last  decade  has  improved  the  prospects 
of  making  the  necessary  measurements  in  turbulent  reac¬ 
tive  flows.  This  paper  presents  a  combined  laser  Doppler 
velocimeter  (LDV)-laser  Raman  scattering  system  which  simul 
taneously  measures  velocity,  temperature,  and  species  con¬ 
centration.  The  paper  also  presents  recent  measurements  ob¬ 
tained  in  a  turbulent  nonpremixed  flame.  These  new  simul¬ 
taneous  measurements  allow  direct  comparison  of  aforemen¬ 
tioned  correlation  terms  for  which  an  empircal  model  must  be 
postulated.  The  data  reduction  scheme  presented  here  em¬ 
phasizes  obtaining  velocity  and  density  measurements  in  an 
adiabatic,  chemical  equilibrium  flow  with  large  variation  in 
the  density.  From  the  simultaneous  measurements  of  density 
with  velocity,  the  turbulent  momentum  transport  as  well  as 
the  density-weighted  (Favre)  velocity  are  deduced.  A  closing 
comment  is  made  on  the  possibility  of  using  the  apparatus  in 
nonadiabatic  and  nonequilibrium  flows. 

EXPERIMENTAL 

All  measurements  were  made  in  the  Sandia  Turbulent 
Diffusion  Flame  Facility,  an  induced-draft,  horizontal  wind 
tunnel  with  an  axisymmetric  fuel  jet  located  at  the  upstream 
end  of  a  test  section.  A  fully  windowed  test  section  has  a  30- 
cm-square  cross  section  and  is  200  cm  long.  The  fuel  nozzle 
inside  diameter  D  is  0.53  cm.  The  bulk  velocity  of  the  fuel 
mixture  (22  mole  percent  argon  in  hydrogen)  is  154  m/s.  and 
the  the  velocity  of  the  coflowing  air  stream  is  8.5  m/s.  The  jet 
Reynolds  number,  based  on  the  pipe  inside  diameter  and  bulk 
fuel  velocity,  is  24,000.  The  use  of  this  fuel  mixture  allows 
direct  comparison  to  earlier  LDV-Rayleigh  measurements  in 
the  same  facility  (Driscoll,  et  aL  1983). 


Velocity-scalar  correlations  are  obtained  from  simultan¬ 
eous  measurements  of  the  velocity  and  the  associated  scalar. 
In  this  work,  the  simultaneous  measurements  are  made  with 
a  combined  LDV-laser  Raman  scattering  apparatus.  Because 
this  apparatus  (Fig.l)  has  recently  been  discussed  by  Dibble, 
et  a l.  (1983),  only  the  salient  features  will  be  addressed  here. 
An  LDV  event  triggers  the  pulsed  dye  laser.  Species  con¬ 
centration  and  temperature  are  determined  from  measure¬ 
ments  of  laser  Raman  scattering  from  gases  in  the  probe 
volume. 

The  LDV  was  a  commercially  available  forward-scattering 
system.  Velocimeter  laser  beams  (488nm,  4  Watt)  were  focused 
in  an  optical  volume  having  a  diameter  of  O.Smm  and  a 
length  of  2.0mm.  Through  this  optical  probe  volume  we 
focused  light  from  a  flash  lamp-  pumped  dye  laser  (1  J/pulse,  1 
pulse/s,  2-ns  pulsewidth,  X=514.5nm,  AX=0.1nm),  which 
was  located  20  m  from  the  test  facility  in  an  adjacent  room. 
Raman-scattered  light  was  collected  at  right  angles  by  a  30- 
cm-focal-length,  f/2  collection  lens  and  was  relayed  at  X3 
magnification  to  the  entrance  slit  of  a  3/4-m  grating  spectro¬ 
meter.  The  entrance  slit  width  determined  the  length  of  the 
Raman  probe  volume  (1mm)  while  the  height  of  the  probe 
volume  was  determined  by  the  laser  beam  diameter  (less  than 
lmm).  Since  the  slit  height  was  6mm,  the  measured  Raman 
signal  was  not  sensitive  to  small  movement  of  the  laser  beam, 
which  could  result  from  beam  steering  by  the  turbulent  flame 
(Starner  and  Bilger,  1980).  Five  photomultiplier  tubes  were 
positioned  at  the  exit  plane  of  the  spectrometer  to  receive  the 
Stokes-shifted  vibrational  Raman  scattered  light  from  N2, 
02,  #2,  H20,  and  the  anti-Stokes  vibrational  Raman  scatter¬ 
ing  from  N2.  In  addition,  elastically  scattered  (Rayleigh 
and  Mie)  laser  light  was  measured.  Laser  pulse  energy  was 
measured  with  a  vacuum  photodiode  which  received  the  at¬ 
tenuated  laser  light  after  it  had  passed  through  the  test  sec¬ 
tion.  Electrical  outputs  from  the  phototubes  were  connected 
to  a  twelve-channel  charge  integrator  (CAMAC),  which  was 
gated  open  for  the  duration  of  the  laser  pulse.  As  an  in¬ 
dication  of  the  overall  efficiency  of  the  Raman  collection 
system,  3000  photoeiectrons  per  Joule  of  laser  light  were 
collected  from  vibrational  Raman  scattering  of  N2  in  room 
air. 

DATA  REDUCTION 

The  use  of  laser  Raman  scattering  for  thermometry  and 
concentration  measurement  has  been  reviewed  by  several  auth¬ 
ors  (Lapp  and  Penney,  1973;  Lederman,  1977;  Eckbreth, 
1981;  and  Rahn,  et  al,  1981).  In  brief,  the  integrated  charge 


Q,  from  a  given  photomultiplier  tube  is  linearly  related  to 
laser  energy  Q\u,t  and  species  concentration  [TV,]  as  follows: 

Q.  -  k,0u.«[N,]/.(T).  Eq.(  1) 

The  proportionality  constant  k,  is  dependent  on  the  vibra¬ 
tional  Raman  cross  section  and  optical  collection  efficiency. 
System  calibration  to  determine  k,  was  accomplished  using 
vibrational  Raman  scattering  from  gas  samples  at  room  tem¬ 
perature  and  pressure.  The  bandwidth  factor  fi(T)  accounts 
for  the  temperature-dependent  distribution  of  molecules  in 
their  allowed  quantum  states.  Also  convolved  into  the  band¬ 
width  factor  /,(T)  are  the  spectral  location,  shape,  and  band¬ 
width  of  the  spectrometer  and  the  bandwidth  of  the  laser. 
The  bandwidth  factor  can  be  calculated  for  N2 ,  02,  and 
H2;  however,  the  calculation  is  less  reliable  for  triatomic 
species  such  as  H20  (e.g.  Stephenson,  1981)  After  calibra¬ 
tion,  a  measurement  of  species  concentration  requires  that 
laser  pulse  energy,  Raman  signal,  and  temperature  be  mea¬ 
sured.  The  need  for  a  temperature  measurement  can  be 
eliminated  by  careful  attention  to  the  parameters  that  affect 
the  bandwidth  factor  as  was  done  by  Eckbreth  (1979)  and 
Smith  (1980).  Under  these  circumstances,  Smith  (1980)  showed 
that  the  bandwidth  factor  could  be  made  equal  to  unity 
with  an  uncertainty  of  +/-  3%  over  the  entire  temperature 
range  of  interest  here.  The  3 %  uncertainty  may  be  further 
reduced  by  relating  the  temperature  to  another  measured 
quantity  such  as  the  nitrogen  concentration;  i.e.,  /Wj(T)  = 
/nj(7’([N2])).  Such  a  specification  is  possible  when  local  chemi¬ 
cal  equilibrium  and  adiabaticity  are  assumed.  These  assump¬ 
tions  were  previously  examined  by  Dibble,  et  al.  (1983)  and 
found  to  be  acceptable  for  this  flame.  With  these  assump¬ 
tions,  there  exists  a  unique  relationship  between  the  nitrogen 
concentration  and  the  density,  as  illustrated  in  Fig.  2a  for  the 
present  fuel  mixture  and  as  illustrated  in  Fig.  2b  for  the 
case  of  pure  hydrogen  fuel.  Figure  2b  will  be  discussed  below. 

RESULTS  AND  DISSCUSSION 

A  typical  experiment  yields  a  data  matrix  with  160  rows 
(laser  shots)  and  8  columns:  axial  velocity  (u),  Qn^Qok 
Q Hit  Qh^Oi  Qni— *nti-Stoke»t  QRiyl«i(h!  and  Q i*,er-  For  the 
purpose  of  measuring  temperature  and  density  in  this  flow, 
it  suffices  to  measure  Qn,  and  QiU(r  and  then  to  infer  the 
density  and  temperature  through  Eq.  1  and  Fig.  2a. 

Figure  3  shows  scatter  plots  of  velocity  and  density  fluc¬ 
tuations  o'  and  //.  This  data  was  collected  in  the  middle  of 
the  shear  layer  at  radial  location  y/D**4  and  at  axial  loca¬ 
tion  x/D=50  which  is  near  the  mean  location  of  the  flame 
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Fig.  1.  Schematic  diagram  of  combined  laser  Doppler  veiocimeter- 
laser  Raman  scattering  apparatus. 
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Fig.  2.(a)  Relationship  between  density  or  temperature 
and  nitrogen  concentration  of  fuel-air  mixtures.  The  fuel  is 
22  mole  percent  argon  in  hydrogen.  The  concentration  of 
nitrogen  has  been  normalized  by  the  concentration  of  air  at 
normal  pressure  and  temperature. 


Fig.  2.(b)  Same  as  Fig-  2.(a)  except  fuel  is  pure  hydrogen 


tip.  The  fluctuations  were  determined  by  subtracting  the 
mean  velocity  u  and  mean  density  p  from  each  simultaneously 
measured  velocity-density  pair  p  —  u  .  Each  point  represents 
a  single  LDV-Raman  event.  Scatter  in  the  data  is  due  to 
the  fluctuations,  which  are  fundamental  to  turbulence.  The 
correlation  of  these  points  pfu'  is  directly  related  to  turbulent 
transport.  Data  presented  in  Figs.  3a,  b,  and  c  were  collected 
in  the  same  manner  except  that  the  time  deiay  At  between 
the  LDV  event  and  the  Raman  laser  pulse  was  increased  from 
Af=*40  ns  in  Fig  3a  to  At=2000  ns  in  Fig  3b  to  A t>  Is 
in  Fig  3c  In  comparison  to  Fig  3a,  the  data  points  in  Fig. 
3b  are  more  randomly  distributed,  and,  correspondingly,  the 
correlation  77  is  reduced.  In  Fig.  3c,  the  time  delay  is 
sufficiently  large  so  that  the  correlation  is,  within  statistical 
error,  zero.  By  systematically  varying  the  time  delay,  an 
integral  time  scale  r,  is  determined  (Tennekes  and  Lumley, 
1972).  The  product  r,u  is  an  integral  length  scale  X,  =  2cm. 
Since  the  integral  length  scale  is  large  compared  to  the  largest 
dimension  of  the  probe  volume  (1mm),  the  spatial  resolution 
of  the  LDV-Raman  probe  is  adequate  for  the  integral  scale. 
However,  the  probe  dimension  is  six  times  larger  than  the 
KolmogoroCf  microscale  (0.15mm)  calculated  for  the  measure¬ 
ment  location  and  conditions  of  Fig.  3  (Goulard,  et  aL  1976). 
The  spatial  averaging  is  not  expected  to  be  significant  since 
the  amplitude  of  the  microscale  fluctuations  is  expected  to 
be  small. 

It  has  been  suggested  that  notions  gained  from  modeling 
constant  density  flows  can  be  extended  to  the  analogous  vari¬ 
able  density  flows  through  the  use  of  density- weighted  (Favre) 
variables  (Libby  and  Williams,  1980;  Jones  and  Whitelaw, 
1982).  In  addition  to  providing  direct  measurement  of  the 
turbulent  momentum  transport,  the  correlation  77  can  be 
used  to  generate  the  Favre  mean  velocity  ti  via  the  identity 

1  + wi 

Radial  profiles  of  the  mean  velocity  and  the  Favre  mean 
velocity  are  pre  ;ented  in  Fig.  4a.  The  close  agreement  between 
the  two  velocities  is  a  consequence  of  the  small  value  of  the 
correlation  77  relative  to  the  product  of  the  mean  density 
and  the  mean  velocity  ?  u  Correspondingly,  the  turbulent 
transport  of  axial  momentum,  which  is  equal  to  the*density- 
velocity  correlation  77,  is  negligible  when  compared  to  the 
convective  transport  ?  u.  Hence,  overall  model  predictions 
for  this  flow  system  are  insensitive  to  the  modeling  of  this 
term.  In  particular,  this  explains  why  a  model  which  incor¬ 
porates  a  gradient  diffusion  for  the  axial  turbulence  transport 
does  not  produce  unreasonable  agreement  with  observations, 


in  spite  of  measurements  which  show  that  the  axial  tur¬ 
bulent  transport  is  often  counter  to  the  gradient  (Driscoll, 
et  a l.  1983).  The  Favre  average  of  other  scalars  can  be 
generated  using  equations  analogous  to  Eq.  (2).  The  radial 
profiles  of  mean  and  Favre  mean  temperature  are  presented  in 
Fig.  4b.  The  difference  between  the  two  means  implies  a 
negative  value  for  the  density-temperature  correlation  pft', 
which  might  have  been  anticipated  a  priori  by  noting  the  in¬ 
verse  relationship  between  temperature  and  density  in  Fig. 
2a. 

The  difference  between  the  mean  and  the  Favre  mean 
is  relatively  insensitive  to  the  position  inside  the  shear  layer 
(see  Fig.  4a  and  b).  Plotted  in  Fig.  4c  are  the  radial 
profiles  of  mean  density  p  and  rms  of  density  fluctuation 
7,mf-  When  density  Auctions  are  zero  the  mean  and  the 
Favre  mean  should  be  the  same,  as  they  are  outside  the 
shear  layer  (i.e.  y/D  >  8  or  y/D  <  -8).  Therefore,  one 
might  expect  that  since  the  rms  of  the  density  fluctuations  go 
through  a  minimum  at  the  centerline,  the  difference  between 
the  mean  and  Favre  mean  (Fig.  4a  and  b)  should  do  so  as  well. 
Such  expectations  overlook  the  corresponding  minimum  at 
the  centerline  of  the  mean  density  which  has  a  compensating 
effect. 

Comments  on  the  Potential  Application  to  Heat  Transfer 
Research:  In  both  turbulent  combustion  and  turbulent  heat 
transfer,  variable  density  flows  are  accompanied  by  heat  trans¬ 
fer  without  mass  transfer  and,  possibly  large  departures  from 
chemical  equilibrium.  In  order  to  investigate  this  class  of 
flows  with  the  LDV-Raman  apparatus  (Fig.  1)  it  will  be 
necessary  to  relax  the  assumptions  of  adiabaticity  and  chemi¬ 
cal  equilibrium.  A  limiting  case  of  chemical  nonequilibrium 
occurs  when  there  is  mixing  without  chemical  reaction.  In 
this  case,  the  relationship  between  density  and  nitrogen  con¬ 
centration  is  represented  by  a  straight  line  which  (see  above 
Fig.  2a)  connects  fuel  density  with  air  density.  This  pure- 
mixing  line  is  coincident  with  the  line  which  results  from 
the  assumption  of  any  amount  of  chemical  reaction,  assum¬ 
ing  nitrogen  to  be  inert,  but  neglects  chemical  heat  release. 
Between  the  mixing  line  and  the  adiabatic  equilibrium  line 
is  the  set  of  allowed  states  obtainable  by  the  inclusion  or 
removal  of  chemical  energy,  i.e.,  the  relationship  between 
density  and  nitrogen  concentration  is  bounded  by  the  pure 
mixing  line  and  by  the  adiabatic  chemical  equilibrium  line. 
Thus,  there  is  an  uncertainty  in  assigning  a  density  to  a 
given  measurement  of  nitrogen  concentration.  The  uncer¬ 
tainty  is  largest  when  the  nitrogen  concentration  is  equal 
to  0.08;  at  this  concentration  the  density  may  be  between 
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Fig.  3.  Scatter  plot  of  fluctuating  density  //  and  velocity 
u'  pairs.  In  Fig.  3.(a),  (b),  and(c),  the  time  delay  At  between 
the  LDV  event  and  the  laser  Raman  pulse  has  been  varied  as 
follows:  (a)  At"*  40ps  (b)  At»2000^s  and  (c)  A f>  1  s.  As 
the  time  delay  At  increases,  the  correlation  TT  decreases. 


Fig.  4.  (  a)  Radial  profile  of  mean  velocity  u  and  density- 
weighted  mean  velocity  u.  (b)  Radial  profiles  of  mean  tem- 
peratrue  7  and  density-weighted  mean  temperature  f.  (c) 
Radial  profiles  of  mean  density  p  and  density  fluctuation  rms 
Tmf 
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0.16  kg/ms  and  0.51  kg/m3.  The  use  of  hydrocarbon  fuels, 
which  have  molecular  weights  greater  than  present  argon-in¬ 
hydrogen  fuel,  would  exacerbate  the  uncertainty  problem. 
Since  relationship  between  the  nitrogen  concentration  and 
the  density  no  longer  exists,  it  becomes  neccessary  to  simul¬ 
taneously  measure  the  temperature  and  the  density  of  all  of 
the  major  species.  Such  an  undertaking  is,  a?  best,  difficult, 
particularly  if  the  more  advanced  laser  diagnostics  such  as 
CARS  or  inverse  Raman  (Rahn,  *t  ai,  1961)  are  to  be  used. 
However,  an  alternative  does  exist.  One  can  note  that  the  un¬ 
certainty  in  the  relationship  between  density  and  nitrogen 
concentration  would  not  exist  if  the  fuel  had  zero  moss.  As 
Fig.  2b  illustrates,  the  ideal  of  a  massless  fuel  is  reasonably 
approximated  when  pure  hydrogen  is  used  as  fuel.  When  the 
fuel  is  hydrogen,  the  conculsion  is  that  the  measurement  of 
the  nitrogen  concentration  will  allow  the  density  to  be  in¬ 
ferred  with  small  uncertainty;  in  particular,  the  LDV-Raman 
apparatus  presented  in  Fig.  1  could  be  used  to  investigate 
varible  density  flows  which  have  both  heat  transfer  and  depar¬ 
tures  from  chemical  equilibrium. 

SUMMARY 

This  paper  describes  a  new  LDV-laser  Raman  system 
with  which  one  can  simultaneously  measure  velocity,  density, 
and  species  concentration.  Simultaneous  measurements  in  a 
turbulent  nonpremixed  flame  are  reported.  From  the  simul¬ 
taneous  measurements,  one  can  compute  the  density- velocity 
correlation  which  is  the  turbulent  momentum  transport.  In 
addition,  this  correlation  and  the  density-temperature  cor¬ 
relation  are  used  to  compute  the  density  weighted  (Favre) 
mean  of  the  axial  velocity  ti  and  temperature  t.  Comparison 
between  the  unweighted  means  and  density-weighted  means 
show  the  density- weighted  mean  to  be  smaller  than  the  mean 
by  no  more  than  10%.  The  potential  application  of  this  LDV- 
laser  Raman  system  to  investigations  into  turbulent  heat 
transfer  has  been  discussed. 
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ABSTBACT 

The  airing  of  two  air  streams  doped  respectively 
with  NO  and  O]  in  an  isothermal  turbulent  flow  and  the 
resulting  nonequilibriua  chemical  reaction  have  been 
studied  using  a  recently  developed  Turbulent  Smog  Cham¬ 
ber  and  relatively  fast  chemiluminescent  analysers, 
joint  probability  density  functions  of  reactant  concen¬ 
tration,  mixture  fraction ,  reaction  progress  variable , 
reaction  time  and  naan  reaction  rates  are  presented  and 
interpreted  in  the  light  of  preliminary  flow  character¬ 
isation  results. 

INTRO UUCTI  ON 

Progress  in  the  theory  of  turbulent  reacting  flow 
(see  e.g.  Libby  «  Milli»an  (1980))  has  bean  hampered  by 
the  lack  of  experiment*-  data  with  sufficient  tine  and 
space  resolution  to  elucidate  the  effects  of  turbulence 
and  chemical  kinetic  time  scales  on  the  instantaneous 
concentrations  of  reactive  species.  While  some  data 
using  laser-Ramnn  spectroscopy  (Drake  et  «1_,  1981)  and 
fibre  optic  absorption  probes  (Batt  (1$?7)  and  Sherikar 
and  Chevray  (1981))  have  become  available  the  concentra¬ 
tion  requirements  of  these  techniques  are  so  high  that 
the  resulta  have  only  bean  obtained  where  kinetic  effects 
are  Mall  and  the  reaction  and  species  concentrations 
are  essentially  mixing  limited. 

One  chemically  reacting  system  of  particular  in¬ 
terest  is  that  in  the  atmosphere  during  the  formation  of 
photochemical  smog.  The  reaction  between  osone  (O3)  and 
nitric  oxide  (NO)  is  known  (Bilger  (1980))  to  be  affect ai 
by  turbulent  nixing  and  it  is  also  probable  that  the 
rates  of  chemical  reaction  and  of  turbulent  mixing  are 
of  the  same  order  10  that  coupling  between  these  pheno¬ 
mena  should  be  evident  in  the  instantaneous  concentra¬ 
tions  of  the  reacting  species. 

In  the  experiments  reported  here  a  laboratory  simu¬ 
lation  of  the  etnoepherie  reection  between  osone  and 
nitric  oxide  is  attempted.  Largs  seals,  slowly  moving 
turbulence  is  produced  in  a  Turbulant  smog  Chamber  so 
that  the  time  scales  of  sampled  species  concentration 
fluctuations  are  sufficiently  low  (<  1  second)  that 
adequate  Information  can  be  obtained  using  chemilumi¬ 
nescent  analysers  with  12  Hi  frequency  response.  Con¬ 
centrations  of  the  reactants  can  be  varied  so  that  a 
range  of  ratios  of  chemical  tima  scale  to  turbulence 
time  scales  can  be  produced  over  the  range  of  interest, 
i.a.  where  they  are  of  the  same  order. 

APPARATUS 

A  detailed  description  of  the  Turbulent  Smog  Chamber 
(T3C)  and  associated  instrumentation  appears  in  Mudford 
and  Biloer  (1983).  Briefly  the  component  carta  of  the 
apparatus  are  as  follows. 


Turbulent  Smog  Chamber 

The  TSC  consists  of  0.15  mm  thick  polyethylene  film 
formed  into  a  roughly  cylindrical  bag  of  diameter  2.8  m, 
length  9  m  and  total  volume  50  m3.  Two  1  m  diameter, 

1  m's"1  opposed  air  jets  enter  the  chamber  close  to  one 
end  as  shown  in  Fig.  1  The  co-ordinate  system  used  here 
is  also  shown  in  this  figure.  Turbulence  and  swirl  in 


TOP  VIEW  SIDE  VIEW 


Figure  1.  Geometry  and  dimensions  (m)  of  the  inlet  end 
of  the  Turbulent  Smog  Chamber  with  cartesian  co-ordinate 
system  shown.  Inlet  nozzle  separation  •  2m. 

the  inlet  jets  are  minimised  through  the  use  of  a  per¬ 
forated  plate,  an  anti-swirl  honeycomb  and  a  woven  wire 
screen.  The  flow  leaves  the  chamber  via  a  0.7  m  diameter 
butterfly  valve  at  the  far  end  of  the  chamber. 

The  slight  reactivity  of  polyethylene  with  ozone  is 
not  considered  a  problem  in  the  present  experiments 
(Ikidford  and  Bilger  (1983)).  Polyethylene  has  the  advan¬ 
tage!  of  being  assy  to  fabricate  and  being  resistant  to 
tearing  and  damage  by  folding.  Also,  it  is  transparent 
to  ultra-violet  radiation,  a  property  required  in  experi¬ 
ments  to  be  conducted  later. 

Chemiluminescent  Analysers 

NO  and  O3  concentrations  are  measured  by  two  fast 
(12Hz)  high  sensitivity  (-0.4  Hz  ppt"1 ]  chemiluminescent 
analysers  which  esqjloy  the  chemiluminescent  properties  of 
the  NO  *  03  reection.  Sample  withdrawal  from  the  TSC 
flow  is  accomplished  through  a  2.4  m  long,  4.5  mm  i.d. 
teflon  tube  with  a  critical  metering  orifice  at  the  in¬ 
take  end.  The  presence  of  the  sample  tube  in  this  confi¬ 
guration  leads  to  negligible  degradation  of  the  frequency 
response  which  is  limited  by  the  *  10  msec  residence  time 
in  the  reaction  cell.  Sample  withdrawal  rate  is 
150  cm’s” 1  it  TSC  conditions  implying  a  sample  volume 
in  the  TSC  per  cell  changeover  of  -  1.5  cm’. 


Swinging  Hot  Wire 

The  high  turbulence  intensities  end  the  occurrence 
of  beck  flow  in  most  regions  of  the  TSC  flow  preclude 
the  use  of  a  fixed  hot  wire  anemometer  which  requires 
the  presence  of  a  large  mean  velocity  for  the  successful 
interpretation  of  the  output  signals  (Bradshaw  (1971)). 

Xn  order  to  overcome  this  problem,  a  "swinging”  hot  wire 
has  been  developed.  This  apparatus  intermittently  sweeps 
the  hot  wire  through  a  small  portion  of  the  flow  thus 
artificially  inducing  a  large  mean  velocity  over  the 
wire.  The  instantaneous  components  of  velocity  being 
measured  are  then  yielded  by  subtraction  of  the  wire 
velocity  from  the  effective  cooling  velocity,  recorded 
by  the  anemoeieter,  in  a  manner  appropriate  to  the  type 
of  probe  being  used. 

Twin  Resistance  Thermometers 

Integral  length  scales  of  the  turbulence,  based 
here  on  the  fluctuations  of  a  conserved  scalar,  were 
estimated  by  heating  one  of  the  inlet  streams  and  cor¬ 
relating  the  temperature  fluctuations  recorded  by  two 
resistance  thermometers  at  various  separation  distances  , 
r,  along  the  desired  direction.  The  integral  length 
scale  measure  used  is  that  given  by  Bradshaw  (1971)  , 

L  =  /”  R  dr 

where  R  -  correlation  coefficient. 

Data  Collection 

Signals  from  the  above  instruments  were  recorded  on 
a  Honeywell  5600C  FM  tape  recorder  and  later  played  back 
via  an  A/D  converter  into  a  VAX  11/80  computer  for 
analysis. 

VELOCITY  FIELD 

Experiments  and  Results 

Preliminary  measurements  of  the  variation  of  the  x 
component  of  velocity,  ux,  across  the  horizontal  mid¬ 
plane  (z  »  0)  have  been  made  at  two  downstream  stations 
using  the  swinging  hot  wire  fitted  with  a  'u'  probe. 

The  means  and  standard  deviations  of  u^  are  shown  in 
Fig.  2  as  a  function  of  cross-stream  distance,  y. 


on  the  horizontal  mid-plane  (z  •  0) .  Jet  half  width  b 
shown  for  x  •  1.7  m  station.  Experimental  error  bars 
as  shown. 

_  At  x  •  1.7  a,  the  flow  consists  of  a  jet  with  peak 
u^  *  0.86  ms"1  at  y  *  -  0.07  o  flanked  by  slower  moving 
fluid  with  ux  3  0.2  ms"1.  We  shall  define  the  jet  half¬ 
width,  b,  as  the  distance  from  the  jet  peak  location  to 
the  point  where  ux  -  (peak  ux  ♦  flanking  ux)/2  as  illus¬ 
trated  in  Fig.  2.  For  x  ■  1.7  m,  then,  b  -  0.2  m. 

By  x  *  3.9  m,  the  jet  observed  upstream  has  been 
dissipated.  Mean  velocity  is  then  u,  3  0.25  ms"1  across 
the  range  of  y  surveyed.  At  both  stations  the  turbulence 
intensity  based  on  ux  is  very  high,  varying  from  -  0.5  at 
the  jet  peak  to  -  1.0  elsewhere. 

Integral  length  scales  have  been  measured  for  a 
small  number  of  locations  and  directions.  The  results 
are  shown  in  Table  1.  The  scales  in  the  cross-stream  (y) 
direction  show  linear  growth  with  x  and  their  magnitude 
at  (x,  y,  z)  ■  (1.7,  0,  0)  accords  with  the  0.2  m  jet 
half  width  found  there.  On  the  basis  of  these  velocities 
and  length  scales  the  Reynolds  Number  and  the  turbulent 
Reynolds  Number  are  both  -lx  10* in  the  body  of  the  flow. 


MEASURE- 

INTEGRAL 

FIXED  PROBE  LOCATION 

MENT 

LENGTH 

DIRECTION 

SCALE 

x  (m) 

y  (m)  z 

(m) 

L  (m) 

1.7 

-0.06 

0 

+  y 

0.14 

2.45 

-0.06 

0 

+  y 

0.18 

3.7 

-0.06 

0 

+  y 

0.26 

1.7 

-0.7 

0 

+  y 

0.14 

2.45 

0 

0 

-  Z 

0.24 

Table  1. 

Integral  length  scale  measurements 

The 

observation  of  a 

narrow 

(2b  »  20%  of 

inlet  duct 

separation) ,  rapidly  decaying,  high  turbulence  intensity 
jet  agrees  qualitatively  with  the  work  of  Witze  and 
Dwyer  (1976)  on  impinging  axisymmetric  jets.  Quantitat¬ 
ive  agreement  appears  to  be  precluded  by  the  significant 
differences  in  geometry  and  operating  conditions  between 
their  apparatus  and  that  of  the  present  study. 

The  flowfield  in  the  chamber  appears  to  be  stable 
and  repeatable.  The  velocity  results  presented  in  Fig.  2 
were  obtained  over  several  days  with  the  flow  turned  off 
between  most  runs.  Deployment  of  an  aerodynamic  tuft 
showed  that  the  impingement  region  between  the  jets  lies 
within  0.1  m  of  the  vertical  centre  plane  (y  »  0) .  This 
position  is  unaffected  by  start-up  procedure,  temporary 
blocking  of  one  jet  etc.  A  small  increase  in  the  inlet 
duct  separation,  of  the  order  of  20%,  does,  however,  have 
a  marked  effect  on  the  impingement  region  moving  it  away 
from  its  central  location.  This  is  in  agreement  with 
Luna  (1965)  who  reports  that  the  impingement  region 
location  is  indeterminate  for  opposed  jets  with  separatism 
distances  between  2  and  8  jet  diameters. 

Extension  of  these  preliminary  flow  field  experiments 
is  in  progress  and  a  more  complete  picture  of  the  chamber 
flow  should  be  available  in  the  near  future. 

SCALAR  FIELDS 

Experiments 

In  the  scalar  field  experiments  reported  here,  the 
inlet  jet  denoted  STREAM  1  in  Fig.  1  was  doped  uniformly 
and  steadily  with  NO  to  produce  [NO],  3  1  ppm  in  that 
jet.  STREAM  2  was  similarly  doped  with  03  to  produce 
[O3 ) 2  *  1  ppm.  The  inlet  jets  thus  formed  the  two 
streams  of  a  two  stream  mixing  problem.  All  experiments 
were  performed  in  the  UV  dark  so  that  the  only  reaction 
present  was 
*3 

NO  +  03  ■»  N0j  +  02  ,  k3  -  0.376  ppnr's"1 


Figure  2.  Mean  (0)  and  standard  deviation  (x)  of  the 
x -component  of  velocity,  u_,  vs.  cross-stream  distance  y 
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A  survey  was  carried  out  in  which  simultaneous 
measurements  of  [NO]  and  (03)  were  made  at  a  large 
number  of  points  in  the  x  >  0  region.  The  sampling 
locations  are  given  in  Table  2  and  those  lying  on  the 
horizontal  mid-plane  are  shown  in  Fig.  3. 


SAMPLING  POINT  MIXTORE  FRACTION,  £c  [NO]  (pphm)  [O3)  (pphm)  [NO]  [Oj]  (NO)  [0^ 


EXPT. 

x(m) 

y(m) 

z(m) 

MEAN 

STD. DEV. 

SKEWNESS 

K0RT0SIS 

MEAN 

STD. DEV. 

MEAN 

STD. DEV. 

(ppbn)  2 

[NO] [03] 

T 

0.3 

-0.2 

-0.4 

1 

0 

_ 

- 

94.6 

0 

0 

0 

0 

- 

b 

0.36 

-0.35 

-0.45 

0.956 

0.082 

-1.43 

4.24 

53.0 

13.1 

1.1 

2.0 

37.7 

0.65 

a 

0.36 

-0.3S 

-0.40 

0.806 

0.104 

0.32 

2.24 

54.2 

16.6 

4.8 

3.0 

220.6 

0.85 

U 

0.40 

-0.28 

-0.63 

1 

0 

- 

- 

94.6 

0 

0 

0 

0 

- 

A 

0.41 

-0.07 

0 

0.344 

0.366 

0.68 

1.95 

29.2 

34.5 

60.1 

33.6 

605.0 

0.34 

Q 

0.42 

-0.31 

0.45 

1 

0 

- 

- 

94.6 

0 

0 

0 

0 

- 

c 

0.44 

-0.26 

-0.45 

0.960 

0.089 

-1.75 

10.31 

81.  S 

14.6 

1.4 

3.3 

89.7 

0.79 

M 

0.50 

-0.38 

-0.91 

0.689 

0.089 

1.03 

4.37 

41.4 

13.5 

8.8 

3.6 

324.4 

0.89 

N 

0.50 

-0.38 

-0.74 

0.782 

0.122 

0.33 

2.16 

56.2 

19.3 

6.0 

4.1 

267.6 

0.79 

0 

0.50 

-0.38 

-0.57 

0.938 

0.103 

-1.21 

3.23 

80.4 

16.5 

1.7 

2.6 

96.9 

0.71 

P 

O.SO 

-0.38 

0.58 

0.865 

0.127 

-0.38 

2.70 

68.8 

19.8 

4.9 

5.1 

264.8 

0.79 

d 

0.63 

-0.33 

-0.40 

0.781 

0.069 

0.61 

3.45 

50.8 

11.5 

4.8 

2.4 

228.3 

0.94 

• 

0.63 

-0.33 

0 

0.789 

0.058 

0.63 

3.67 

47.8 

9.2 

6.7 

2.9 

307.4 

0.96 

f 

0.80 

-0.32 

0 

0.744 

0.043 

0.44 

4.55 

44.9 

6.6 

6.9 

2.7 

301.9 

0.97 

D 

0.90 

-0.20 

0 

0.819 

0.081 

-0.63 

8.51 

65.7 

12.8 

4.9 

4.4 

306.1 

0.95 

C 

0.90 

0 

0 

0.184 

0.268 

1.91 

5.66 

12.5 

25.5 

69.9 

26.9 

291.4 

0.33 

s 

0.90 

0.08 

-0.45 

0.186 

0.122 

1.53 

10.78 

4.8 

8.5 

66.3 

17.9 

298.4 

0.94 

R 

0.90 

0.08 

0.45 

0.260 

0.074 

-0.41 

7.17 

4.4 

3.3 

51.9 

12.3 

218.2 

0.96 

B 

0.90 

0.20 

0 

0.267 

0.094 

-0.65 

2.88 

6.4 

2.3 

50.1 

15.4 

295.6 

0.92 

F 

1.10 

-0.22 

0 

0.774 

0.086 

-2.63 

2.01 

56.1 

10.4 

7.7 

9.2 

424.7 

0.98 

i 

1.10 

-0.17 

0 

0.754 

0.087 

-2.85 

18.83 

41.6 

17.3 

3.5 

10.2 

130.2 

0.89 

h 

1.10 

-0.08 

0 

0.772 

0.1S7 

-2.45 

10.61 

52.0 

14.9 

8.7 

18.5 

358.7 

0.79 

g 

1.10 

0 

0 

0.555 

0.330 

-0.19 

1.46 

40.0 

30.7 

38.5 

34.9 

583.2 

0.38 

E 

1.10 

0 

0 

0.481 

0.304 

0.11 

1.47 

40.0 

33.5 

42.6 

31.0 

803.6 

0.47 

G 

1.10 

0.22 

0 

0.367 

0.070 

0.74 

18.08 

9.7 

6.8 

36.3 

10.1 

348.4 

0.99 

K 

1.70 

-0.40 

0 

0.783 

0.055 

-3.37 

27.91 

55.8 

6.4 

5.7 

5.0 

310.4 

0.98 

J 

1.70 

-0.20 

0 

0.737 

0.110 

-2.10 

8.33 

53.0 

11.3 

11.5 

11.0 

545.4 

0.89 

I 

1.70 

0 

0 

0.585 

0.169 

-0.24 

1.85 

40.6 

19.2 

23.3 

14.6 

732.7 

0.77 

H 

1.70 

0.20 

0 

0.447 

0.119 

1.39 

4.60 

21.5 

15.2 

32.7 

9.6 

617.0 

0.88 

j 

2.40 

0.24 

0 

0.564 

0.110 

0.16 

1.96 

22.8 

12.4 

20.2 

9.9 

336.9 

0.73 

Jc 

2.50 

-0.03 

0 

0.620 

0.103 

-0.60 

2.51 

28.0 

10.3 

13.9 

10.3 

295.7 

0.76 

Table  2.  Sampling  locations  for  the  scalar  field  survey  together  with  fundamental  statistical  measures  for  the 

mixture  fraction  measure,  £c , and  the  reacting  scalars  [NO]  and  [O3] .  Also  shown  are  parameters  associated 
with  mean  reaction  rates  for  the  locations. 


Figure  3.  Horizontal  mid-plane  (z  •  0)  sampling 
locations  for  the  [NO] , [0  ]  survey.  Letters  refer  to 
list  in  Table  2. 

Results 

Species  Concentrations.  Insight  into  the  mixing 
and  chemical  reaction  processes  occurring  in  the  TSC  can 
be  most  readily  gained  by  consideration  of  the  spatial 
variation  of  the  joint  probability  density  function  of 
the  raw  data  variables  [NO]  and  [O3],  denoted  p(  [NO] ,  (O3]). 
p( [NO] , [O3] )  for  sampling  locations  A,  g,  I  and  k,  which 
lie  along  or  close  to  the  TSC  centreline,  (y,z)  •  (0,0)  , 
are  shown  in  Fig.  4  in  normalised  form,  the  normalisation 
factors  being  the  respective  inlet  jet  concentrations 
[NOlj  and  [03]j. 


The  lines  marked  FR  and  EQ  on  these  plots  are  the 
frozen  and  equilibrium  chemistry  limits,  respectively, 
for  samples  formed  by  the  mixing  of  the  inlet  jet 
material.  The  majority  of  sauries  can  be  seen  to  lie 
far  from  both  these  limits  indicating  a  high  degree  of 
chemical  nonequilibrium.  The  experiment  is  thus  well- 
designed  with  chemical  kinetic  and  turbulent  mixing 
time  scales  of  the  same  order. 

The  simultaneous  progress  of  mixing  and  reaction 
with  increasing  downstream  distance,  x,  can  be  seen 
clearly  in  Fig.  4.  p ( [HO ] , [ 03 ] )  at  location  A  consists 
of  two  peaks  at  ( [N0]/[N0] j , [03]/ [03] 2)  -  (1,0)  and  (0,1) 
representing  pure  inlet  jet  material  and  a  plateau,  con¬ 
taining  -  40%  of  the  data,  lying  between  the  peaks,  re¬ 
presenting  material  which  has  mixed  but  has  not  yet 
reacted  significantly.  At  location  k,  p ( [ NO  1 , [ 0 3 J )  is 
confined  to  the  lower  left  hand  corner  of  the  region 
between  the  frozen  and  equilibrium  limits  indicating 
that  both  mixing  and  chemical  reaction  are  well-advanced 
although  the  system  is  still  some  distance  from  the  end¬ 
point  for  this  experiment  at  ( [NO ] , [ 03 J )  «  (0,0). 


p( [NO] , [O3I )  for  locations  F  and  G,  lying  -0.22m  and 
+0.22m,  respectively,  in  the  cross-stream  direction  (y) 
from  location  g,  are  shown  together  in  Fig.  5.  The  well- 
reacted  nature  of  the  material  at  these  locations  is  to 
be  expected  from  the  lower  velocities,  and  thus  higher 
mean  residence  times,  pertaining  there.  Comparison  of 
Figs.  4  and  5  shows  that  the  two  well-reacted  lobes 
appearing  in  p([NO],[0j])  at  g  arise  from  incursions  onto 
the  chamber  centreline  of  material  from  either  side  of 
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25  encloses  that  25%  of  data  having  the  highest  probabi¬ 
lity  density.  FR,  Eg  denote  the  frozen  and  equilibrium 
chemistry  lines. 
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Figure  4.  Joint  probability  density  functions,  p( [NO] , 
[O3]).  for  sampling  locations  A,  g.  I  and  k  on  or  close 
to  TSC  centreline.  Nvabers  associated  with  contours  show 
the  percentage  of  data  enclosed  by  them  sunning  from  the 
highest  probability  density  regions,  e.g.  contour  denoted 


Figure  5.  Joint  probability  density  function  p( [NO] , 

[0 3 ] )  for  off -centreline  sampling  locations  F  and  G. 

See  Fig.  4  for  key  to  numbers  etc. 

the  centreline  (the  z-dependence  of  p(,l  is  weak  in  the 
survey  region) .  The  nearly  frozen  material  occurring  at 
g  has  doubtless  been  advected  from  the  region  between  the 
inlet  jets  by  the  centreline  jet  discussed  above. 

Mixture  Fraction.  A  quantitative  measure  of  the 
degree  of  mixing  in  a  sample  can  be  obtained  by  defining 
a  mixture  fraction,  £,  as  the  mass  fraction,  in  the 
sample,  of  material  originating  in  stream  1.  A  measure 
of  5  can  be  formulated  from  tne  [NO]  and  [O3]  measurements 
as 

[NO]  -  [0  1  +  [0  ] 

*c  5  ■  ■  [Ndi';-hd  -y2- ?  (2> 


due  to  the  conserved  nature  of  the  scalar  [NO]  -  [03 ] . 
Lines  of  £c  -  constant  are,  parallel  straight  lines 
of  positive  slope  on  the  ( [NO ] , [03 1 )  plane. 

The  means  (£  ) ,  standard  deviations  6?)  and  the 
moment  coefficients  of  skewness  and  kurtosiS  of  the  pro¬ 
bability  density  functions  p(£c)  are  given  in  Table  2 
for  each  sampling  location  together  with  the  means  and 
standard  deviations  of  the  reacting  scalars  [NO]  and  to 3 J. 

In  Fig.  6  the  contours  of  £c  and  £c2  are  shown  on 
the  z  -  0  plane.  p(£c)for  the  chamber  centreline  samp¬ 
ling  locations  A,  g,  I  and  k  and  those  for  the  off- 
centreline  locations  F  and  G  appear  in  Figs.  7  and  8 
respectively.  The  rapid  progress  of  mixing,  noted  above, 

—  >5 

is  seen  again  here  with  3?c/3y  and  £^2  decreasing 
markedly,  with  increasing  x,  over  only  two  jet  diameters. 
The  decrease  of  5C  with  increasing  y  and  the  p < £_)  for 
F  and  G  show  that  the  contributions  to  the  material  on 
each  side  of  the  chamber  originate  predominantly, 
although  not  exclusively,  from  the  jet  on  that  side  of 
the  chamber. 

An  interesting  feature  of  the  development  of  p(£c> 
on  the  centreline,  clearly  linked  to  the  latter  phenomena, 
is  the  persistence  of  the  bimodal  nature  of  the  distri¬ 
bution  with  the  simultaneous  rapid  decrease  in  t,!  1  . 


Reaction  Progress  and  Reaction  Time.  In  order  to 
measure  the  degree  of  chemical  reaction  which  has  taken 
place  in  a  sample  we  define  a  reaction  progress  variable 
as 


10,]  -  [0,] 

_  f 

[0  ]  -  [0  ) 


0  <  £  <  1 


(3) 
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Figure  8.  Probability  density  function,  p(E  ),  for  off- 
centreline  sampling  locations  F  ( - )  and  G  ( - )  . 
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where  subscripts  f  and  e  refer  to  the  frozen  and  equi¬ 
librium  concentrations  at  the  sample  mixture  fraction. 

The  interpretation  of  r  in  terms  of  the  'age'  of  a 
sample  is  complicated  by  the  rate  of  change  of  r  at 
constant  E,  say,  being  dependent  on  E  .  Additionally, 
r  ■»  1  only  as  time  allowed  for  reaction  -*•«>.  In  order 
to  provide  a  more  direct  measure  of  sample  age,  we  define 
the  parameter  t  as  the  time  for  reaction  to  produce  the 
measured  (!N0],'l03))  from  the  frozen  reactant  concentrat¬ 
ions  at  the  sample  mixture  fraction,  viz 


Figure  6.  Contours  of  mixture  fraction  mean  (E  )  and 
— >5  C 

standard  deviation  (E  n  )  on  the  horizontal  mid-plane 
(z  »  0)  . 
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Figure  7.  Probability  density  function,  p(Ec) ,  for 
sampling  locations  A,  g,  I  and  k  on  or  close  to  TSC 
centreline . 


where  Eg  is  the  stoichiometric  mixture  fraction.  An 
equivalent  expression  for  t  may  be  formulated  as  a 
function  of  [NO] .  The  signif icance  of  tc  as  a  flow  para¬ 
meter  is  that  it  is  the  minimum  time  required  to  produce 
a  sample  with  a  given  ([NO]  ,  [O3])  from  inlet  jet  material 
via  mixing  and  chemical  reaction  processes  i.e.  t=  (  t 
5  mean  residence  time  of  the  sample  constituents, 
where  t  »  0  is  defined  for  each  sample  portion  to  be  the 
time  at  which  it  underwent  its  first  mixing  operation. 

A  simple  proof  of  this  assertion  may  be  formulated 
as  follows.  Initially,  t  »  ts  »  0  by  definition  for  all 
material  entering  the  chamber.  By  definition,  also, 
chemical  reaction  processes,  in  the  absence  of  further 
mixing  will  maintain  the  inequality  as  Atc  »  Ats.  Now 
the  surface  t^iNO] , [0 3 ] )  in  ( [NO ) , [0 3 ] , tc)  space  is  con¬ 
cave  from  above  (i.e.  from  tc  large) .  This  can  be  shown 
by  plotting  eqn.  (4)  on  the  ( [NO ] , [0 3 ) )  plane.  Suppose 
that  tc  (  ts  for  two  samples  A  and  B  represented  by  two 
points  on  this  surface.  Mixing  these  samples  in  propor¬ 
tion  8  then  yields  a  mixture  with 

[  )  -  8(  1.  +  (i  -  8)  [  ! 

m  A  B 


St  +  (1  -  S)  t  „ 

s  ,  A  s  ,  B 


but  with  t  4  St  +  (1-8)  t  _  (  t 

c,m  c,A  c,B  s,m 


Because  both  chemical  reaction  and  mixing  preserve  the 
initial  inequality  we  can  conclude  that  tc  s  ts- 

The  joint  probability  density  functions  p(Ec<  r)  and 
p(Ec,  tc)  are  shown  for  sampling  locations  g  and  k  in 
Figs.  9  and  10  respectively.  These  plots  contain  condi¬ 
tionally  sampled  data  in  that  35%  of  the  data  at  g  and  1% 
of  that  at  k  has  been  excluded  on  the  grounds  that,  S 
was  outside  the  range  (0.05.  0.95) ,  thereby  producing 
indeterminate  values  of  r  and  tc,  or  ( 0 3  ]  was  outside  the 
range  ((0,] _,[0,].)  due  to  instrument  noise  etc. 
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Figure  9.  Joint  probability  density  function,  p(£c,  r) , 
for  sampling  locations  g  and  k  on  TSC  centreline.  See 
Fig.  4  for  key  to  numbers  etc. 
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Figure  10.  Joint  probability  density  function,  p(Cc,tc) , 
for  sasipling  locations  g  and  k  on  TSC  centreline. 

^res  1-ndicat*<3  i*  residence  time  in  TSC  at  sampling 

location.  See  Fig.  4  for  key  to  numbers  etc. 

In  Fig.  10,  tc  is  normalised  by  the  mean  residence  time 
( 25  sec)  in  the  TSC  and  the  mean  residence  times  up  to 
each  sampling  location,  "t___ ,  are  also  shown  on  the 
figure.  Both  forms  of  the  data  indicate,  as  expected 
from  the  foregoing,  that  the  material  having  high  or  low 
5C  is  more  fully  reacted  and  'older'  than  material  having 
intermediate  C=- 

Reaction  Rates.  By  writing  each  reacting  species 
concentration  as  the  sum  of  a  mean  (  f”) )  and  a  fluctuat¬ 
ing  component  ((  ] ') ,  the  mean  rate  of  reaction  (1)  can 

be  expressed  as 


i.e.  as  the  sum  of  a  product  of  means  and  a  covariance. 
The  values  of  [NO]  [03J  and  [NO] [03]/( [NO] [Oj])  are  given 
in  Table  2  for  the  survey  sampling  locations.  In  some 
regions  of  the  flow  the  latter  parameter  is  as  low  as 
0.33  indicating  that  for  this  flow  the  use  of 
-k3 [NO] [03]  as  a  mean  reaction  rate  could  lead  to 
significant  errors. 

CONCLUSION 

Measurements  with  good  spatial  and  temporal  resolu¬ 
tion  have  been  made  of  the  concentrations  of  the  two 
reactants,  NO  and  O3,  in  an  isothermal  turbulent  flow  in 
which  the  turbulent  mixing  and  chemical  kinetic  rates 
are  of  the  same  order.  Joint  probability  density  func¬ 
tions  of  reactant  concentrations  and  other  parameters  of 
interest  obtained  from  the  measurements  showed  in  detail 
the  development  of  the  flow  under  the  influence  of  these 
two  competing  processes. 

Results  of  preliminary  flowfield  characterisation 
experiments  showed  a  number  of  features,  such  as  a  jet 
on  the  chamber  centreline,  which  could  be  simply  related 
to  the  scalar  field  results. 

Data  such  as  that  presented  here  should  provide  a 
good  test  of  models  of  nonequilibrium  chemistry  in  tur¬ 
bulent  flows. 
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ABSTRACT 

The  k-e  model  of  turbulence  and  an  algebraic  stress 
model  have  been  tasted  and  the  implications  of  their 
use  are  discussed.  Both  of  them  were  tested  for  axi- 
symmetric  gaseous  jet  diffusion  flames  and  a  direct 
comparison  of  the  performance  of  these  models  shows  the 
k-e  model  to  be  superior. 

The  effect  of  radiation  losses  is  examined  and  it  is 
proven  to  be  significant.  The  implications  of  neglecting 
these  losses  -  which  was  the  general  practice  up  to  the 
present  day  -  in  combustion  calculations  are  explored 
and  discussed. 

NOMENCLATURE 


0  density 

3  Prandtl  or  Schmidt  number,  or  Stefan  Boltzmar. 

constant 

$  a  scalar  quantity 

Subscripts 

c  co2 

co  CO 

£  centre-line 

d  destruction 

f  formation 

fu  fuel 

g  gas 

ox  oxygen 

s  soot 

w  water 


f 

g 

h 

H 

k 

L 


,n 


m 

n 

P 

P 


rs 


S 

sfu 


T 

U 

u 

V 

V 

w 


X 

y 


acceleration  of  gravity 

grey  gas  weighting  coefficient 

constants  in  grey  gas  expressions 

soot  concentration  (kg/m3) 

mean  specific  heat 

activation  energy 

mixture  fraction 

mean  square  mixture  fraction  fluctuations 
enthalpy 

calorific  value  of  the  fuel 
turbulence  energy/gas  absorption  coefficient 
geometric  path  length 
mass  fraction 

grey  gas  index  for  gas/soot 

production  of  turbulence  energy 

partial  pressure /probability  density  function 

radiated  energy  per  unit  volume 

perfect  gas  constant 

stoichiometric  oxygen  requirement  to  burn 
1  kg  of  soot 
source  term 

stoichiometric  air  requirement  to  bum  1  kg 
of  fuel 

instantaneous  tmaperature 
instantaneous  streamwise  velocity 
fluctuating  part  of  U 
instantaneous  cross-stream  velocity 
fluctuating  part  of  v 

fluctuating  part  of  the  velocity  normal  to 
the  x,y  plana 
streamwise  direction 
cross-stream  direction 


8 

6 


5  - 


volumetric  expansion  coefficient 
width  of  the  jet 

maximum  velocity  difference  across  the  jet 
turbulence  energy  dissipation 
tmissivity  of  the  gas/soot  mixture 
effective  viscosity 


Superscripts 
’  fluctuating  part 

I NTRODIXTTION 

There  have  been  relatively  few  attempts  to  predict 
the  turbulent  round  jet  diffusion  flame  using  modern 
computational  procedures.  In  part  this  has  been  due  to 
a  scarcity  of  suitable  data  for  validation  purposes 
although  this  problem  has  now  largely  been  eliminated 
due  to  the  perseverance  of  a  handful  of  experimentalists 
working  in  the  field,  see  for  example  (1  to  5) .  It  is 
also  partly  because  there  is  no  possibility  of  succeed¬ 
ing  in  the  task  in  the  absence  of  a  good  turbulence 
model  and  turbulence  modellers  have  been  hard  enough 
pressed  to  devise  reliable  simulations  of  non-reacting 
jet  flows. 

The  available  turbulence  models  range  from  zero-  co 
multi -equation  ones,  an  orderly  description  of  them  is 
presented  by  Launder  and  Spalding  (6) .  The  two-equation 
k-e  model  was  originally  applied  in  flow  computations 
by  Jones  and  Launder  (7)  and  Launder  and  Spalding  (8)  and 
has  since  become  widely  used  in  engineering  calculations. 
It  appears  to  com  bine  an  optimal  mix  of  computer  economy 
and  predictive  precision.  It  is  least  satisfactory  in 
the  presence  of  body  forces  such  as  those  due  to  swirl 
or  buoyancy  both  of  which  are  often  significant  in 
practical  combustors .  In  the  former  case  the  isotropic 
effective  viscosity  implied  by  the  k-e  model  is  less  than 
satisfactory,  while  in  the  latter  case  the  striking 
discrepancies  between  horizontal  and  vertical  buoyant 
shear  layers  are  for  example  not  well  simulated  by  the 
simple  k-e  model. 

Some  workers,  for  example  Launder  et  al  (9)  and 
Gibson  and  Launder  (10)  have  examined  multi -equation 
Reynolds  stress  turbulence  models  with  some  small 
advantage.  However,  the  extra  computational  burden  is 
very  significant  and  has  not  so  far  been  superimposed 
on  the  already  heavily  charged  background  of  combustion 


calculation*.  In  an  effort  to  enhance  significantly 
the  validity  of  turbulence  models  researchers  have 
explored  diverse  avenues  such  as  the  formulation  of 
multiple  time  scale  equations  (e.g.  (111).  The  reader 
is  referred  to  a  'state  of  the  art'  review  by  Gibson 
et  al  (12)  . 

In  sum  no  new  turbulence  model  has  emerged  which 
affords  more  than  a  marginal  improvement  in  predictive 
ability  and  this  is  always  at  tne  expense  of  greatly 
increased  computational  costs.  There  is  no  doubt  that 
industry  would  pay  daarly  for  absolutely  trustworthy 
and  precise  predictions  but  they  cannot  as  yet  be  so 
satisfied.  Fortunately  combustor  predictions  of  useful 
engineering  accuracy  are  often  procurable  at  a  correspond¬ 
ingly  acceptable  expense  with  the  simple  k-e  model.  To 
some  extent  this  is  because  other  processes  such  as  the 
thermal  radiation  often  exercise  a  dominating  influence 
and  an  accurate  representation  of  the  turbulence  is 
not  essential. 

THE  TURBULENCE  MODELS 

The  k-e  Model 

The  parabolic  and  axisymmetric  forms  of  the 
equations  for  the  turbulence  energy,  k,  and  turbulence 
energy  dissipation,  e,  are: 

p0  fr +  pv  ft  *  7  ly <y  ^  !y  +p  -  <x  +  sp  V*7  (1) 

0°  ‘"ft  -  7  Vy  +t(c‘ip^2pe)  +%  £6pvr 

(2) 

where  the  production  term  is  given  by: 

P  .  .  0(37  2L  +  7  ♦  7  1) 

3y  3x  3y  y 

From  dimensional  considerations  the  turbulence 
viscosity  is:  .2 

ut  -  OCy  f-  (3) 

Assuming  laminar  flow  analogy  the  turbulence 
stresses  may  be  expressed  as  (13) : 
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when  the  flow  is  reacting  an  additional  turbulence 
equation  for  the  mean  square  of  the  mixture  fraction 
fluctuations,  g  I (f-T) ",  is  required: 

a,  aa  +  pV  aa .  i  _i(y  1*  ta,  +  c  „  & 2  .  c  0  £  g 

^  3x  p  ay  y  3y'y  cg  3y  giVjy  cg,  k  9 

(8) 

The  preceeding  equations  constitute  the  usual  k-e 
model,  or  more  properly  the  k-e-g  model  for  reacting 
parabolic  flows.  They  are  solved  along  with  those  for 
continuity,  u-momentum  conservation,  energy  conservation 
and  mixture  fraction,  f,  conservation.  The  last  buoyancy 
production  term  in  eq.  (1)  is  exact  for  small  temperature 
variations  and  can  be  modelled  by  a  simple  gradient 
approxis»tion .  The  corresponding  term  of  eq.  (2)  is 
a  modelled  one  proposed  by  Bossain  and  Rodl  (14) .  We 
have  found  that  these  terms  do  not  Improve  the  predictions 
in  a  straightforward  application  of  the  k-e-g  model  and 
they  are  omitted  for  the  predictions  shown.  All 
correlations  involving  density  fluctuations  are  ignored 
so  the  system  is  equivalent  to  a  Favre-averaged  one.  The 
values  of  the  model  constants  are  given  in  Table  I. 

Table  I  Values  of  Constants  for  k-e  Model 

Ci  |Cei|  Ce2  |cgi|cg2|gk  |qe  I  gf  I3" 

0.09-0.045  1.44  1.92-0.0667£  2.8  2.0  1.0  1.3  0.7  0.7 

The  Algebraic  Stress  Model 

The  algebraic  relations  for  the  Reynolds  stresses 
are  extracted  by  assuming  local  equilibrium  of  turbulence 
production  and  dissipation  (16)  .  The  relations  which 
have  been  derived  for  non-reacting  flows  are  (14,16) ; 
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The  constants  in  eqs.  (10)  to  (12)  for  the  normal 
stresses  are  empirical  and,  strictly,  pertain  only  to 
non -combusting  flows  (16) .  The  equation  for  the 
temperature  fluctuations  is  solved  in  its  full  form 
since  to  do  so  makes  no  additional  modelling  demands.lt 
is  (12):  _  _ 

pu^  +  pv^-  7  37^-p 

-  2d7t  g  -  ^pf-T-2  as) 

T 

The  values  of  additional  constants  needed  far  the 
algebraic  stress  model  are  given  in  Table  II  (14) . 

Table  II  Values  of  Additional  Constants  Pertaining 
to  Algebraic  Stress  Model 


C1 

C2 

C1T 

C-_ 

2T 

2.2 

0.55 

3.2 

0.5 

The  Combustion  Model 

The  formulation  embodied  by  the  'simple  chemically 
reacting  systmo '  concept,  as  originally  used  by  Pun 
and  Spalding  (17) ,  was  adopted.  This  model  has  formed 
the  basis  of  all  the  attempts  to  predict  the  turbulent 
diffusion  flame  by  modern  computational  methods.  The 
underlying  assumptions  are:  a  single  step  global 
reaction  which  excludes  intermediate  species,  a  chemical 
kinetic  rate  which  is  fast  compared  to  the  turbulence 
mixing  rate,  equality  of  the  turbulent  mass  diffusion 
coefficients,  and  low  Mach  number. 

The  statistical  description  of  non-linear  functions 
of  the  mean  flow  parameters  is  assisted  by  the  use  of  a 
probability  density  function  (pdf)  the  shape  of  which 
may  be  calculated  (e.g.  (18,  19))  or  assumed.  Since  the 
pdf  equation  is  little  explored  and  its  computation  is 
as  yet  too  expensive  for  engineering  purposes  we  adopt 
the  latter  course .  Two  assumed  forms  for  the  pdf  of 
mixture  fraction  are  commonly  used,  the  clipped  Gaussian 
function  (20)  and  the  Beta  function  (21) .  We  have 
explored  both  and  found  that  there  is  little  to  choose 
between  them  with  the  latter  exhibiting  perhaps  some 
marginal  predictive  superiority. 

Mean  values  of  all  properties  <f>,  such  as  T, 
which  are  non-linear  functions  of  f  are  determined  from: 
1 

t  -  /  0  (f)p(f)  df  (16) 

o 

were  p(f)  is  ths  assumed  (Favre-averaged)  pdf.  In  the 
case  of  the  Beta  function  assumption: 
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,  0  <  f  <  1 
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The  temperature  is  calculated  from: 
h  -  mfu  H 


where  c  is  calculated  according  to  Tribus  (22) . 


Sine*  a  face  reaction  is  presumed  it  might  he 
thought  more  appropriate  to  compute  T  from  equilibrium 
chemistry,  experience  reveals  (23)  that  this  is  not 
satisfactory  in  the  fuel-rich  region  where,  for  example, 
CO  is  significantly  overpredicted.  It  seems  likely 
that  this  fault  can  probably  be  eliminated  by  the 
imposition  of  flammability  limits  but  this  remedy  is 
insufficiently  explored. 

Previous  workers  have  always  assumed  that  the  flame 
is  adiabatic  in  which  case  the  enthalpy  is,  for  the 
above  specified  reaction  model,  a  linear  function  of  f. 
In  the  present  work  we  allow  radiation  losses  to  the 
surroundings.  The  appropriate  functional  relation 
between  h  and  f  is  then  not  evident,  and  this  too  in 
an  underexplored  subject.  We  presume  that  hrad  -  had 
at  f_«  0  and  f  »  1,  hj.ad  ■  h^  -  radiation  source  at 
f  »  f,  and  that  the  relations  between  these  three  points 
are  linear.  This  prescription  cannot  be  greatly  in 


The  Radiation  Model 

The  radiation  loss  from  the  flame  to  the  surround¬ 
ings  has  been  ignored  in  most  previous  attempts  to 
predict  laboratory  turbulent  diffusion  flames.  Although 
it  has  been  argued  that  the  radiation  loss  is  probably 
rather  small  its  neglect  is  none  the  less,  as  we  shall 
see,  to  the  detriment  of  model  validation  studies 
especially  since  the  available  data  are  mainly  for 
temperature . 

Since  the  experimental  flames  have  all  been 
situated  in  cool,  open  laboratories  the  transfer  of 
radiative  energy  from  the  surroundings  to  the  flame 
may  be  ignored.  And  since  these  laboratory  flames  are 
optically  rather  thin  we  should  also  without  too  much 
error  be  able  to  neglect  self-absorption .  The  flame  is 
then  a  simple  emitter  and  the  rate  of  heat  emission  per 
unit  volume  is: 

<l"ad  ’  4kgOT4  l20) 

where  a  is  the  Stefan  Boltzman  constant  and  kg  is  the 
grey  gas  absorption  coefficient.  Strictly  the  emission 
behaviour  of  the  emitting  gases  and  the  soot  is  non¬ 
grey  but  this  complication  can  be  circumvented  by 
imagining  the  real  gas  and  soot  to  be  replaced  by  a 
mixture  of  grey  gases  plus  one  clear  gas  (24) .  This 
formulation  has  been  adopted  by  Truelove  (25)  who 
presumes  a  mixture  of  two  grey  gases,  a  clear  gas,  and 
soot,  and  provides  a  correlation  for  the  total  omittance 
of  the  form: 

eg  ■  |  ag,n(T)  [1— *P<-»Cg,n<Pw  +  *c  *  Pco> 

-  ks,n°  -  kCH4.»  PcH4>]  !21> 

where  a  (T)  »  b  +  b»  T  (22) 

g,n  l,n  2,n 

The  absorption  coefficient  may  be  deduced  frem  a  pseudo 
grey  relation: 

-k  L 

e  -  (1  -  e  9  )  (23) 

The  Soot  Model 

The  luminousity  of  laboratory  flames  is  usually 
rather  small,  all  the  same  soot  is  highly  emitting  and 
some  account  of  its  presence  must  be  given  if  radiation 
transfer  is  not  neglected.  We  solve  a  balance  equation 
for  the  soot  mass  fraction: 

3m  .  a  y  dm 

pU  ~ -  ♦  pv  t— ^ -  “  —  r~(y  —  t— S-)  +  S  (24) 
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where  S  “S,-Sd,S.=  soot  formation  rate  and  S.  i 
its  destruction  rate.  The  Schmidt  member  a(  is  set 
equal  to  0.7. 

The  chemical  kinetics  of  soot  formation  is  a 
tremendously  complsx  subject  and  for  this  reason  it  is 
little  developed.  We  choose  a  very  simple  expression 
which  exhibits  the  right  behavioural  features.  It  has 
its  origins  in  diesel  engine  studies  and  has  been  used 
with  some  success  in  steady  flow  combustors  by  Abbas  et 


al  (26)  : 

Sf  -  Cfpfu<t>nexp(-  E/RT)  (25) 

where  p  is  the  fuel  partial  pressure,  ®  is  the  equiva¬ 
lence  ratio  -  S^lf/l-f),  S  *  the  fuel  stoichiometric 
air  requirement,  the  parameters  E/A,  n  and  C£  are 
respectively  assigned  the  values  20140,  3,  and  0.01  as  a 
result  of  validation  studies. 

The  soot  particles  are  so  small  (typical  size  is 
lum  in  spray  flames  (27)  and  in  gaseous  ones,  as  in  the 
present  study,  much  mailer)  that  their  consumption  rate 
will  be  determined  by  laws  applicable  to  gas  species. 

We  adopt  the  simple  expression  of  Magnussen  at  al  (28) 
who,  by  adopting  the  conventional  assumption  to  the 
effect  that  the  reaction  rates  controlled  by  turbulence 
decay,  link  the  soot  burn  out  rate  to  the  product  of  its 
mean  concentration  and  the  turbulence  time  scale  e/k: 

Am  or 

.  r.  E  ox  E  ss  1 

S  .  »  min  I  Am  — ,  — -  T  J  (26) 

d  1  s  k  r  k  m  r  +  m.  S.  -1 

s  s  s  fu  fu 

where  A  is  an  adjustable  constant  assigned  (28)  the  value 
of  4 .  The  second  term  restricts  the  soot  consumption 
in  the  absence  of  sufficient  oxygen. 

THE  NUMERICAL  SOLUTION  PROCEDURE 

The  governing  differential  equations  were  solved 
using  a  parabolic  version  (29)  of  the  imperial  College 
TEACH  code  (30) .  The  code  features  a  grid  which  is 
caused  to  expand  with  the  flow.  The  expansion  is 
accommodated  by  appropriate  alterations  of  the  cell  face 
convection  and  diffusion  coefficients.  The  non- 
orthoganality  of  the  grid  is  small  and  the  orthogonal 
forms  of  the  governing  differential  equations  are 
retained  with  little  error  (31)  -  Because  substantial  changes 
in  density  and  temperature  may  occur  between  adjacent 
streamwise  stations  iteration  is  employed.  For  the  first 
iteration  the  V-velocities  at  the  downstream  station  are 
set  equal  to  the  corresponding  upstream  ones.  Subsequently: 
(i)  the  downstream  U-velocities  are  determined,  (ii)  new 
downstream  V's  are  obtained  from  the  continuity  equation, 
(iii)  the  remaining  downstream  dependent  variables  are 
solved  for  along  with  the  density  and  other  ancillary 
information,  and  (iv)  the  sequence  returns  to  (i)  until 
a  convergence  criterion  is  satisfied.  Note  that  a  pressure 
correction  equation  is  not  solved,  it  is  expedient  and 
sufficiently  precise  to  ignore  the  small  cross-stream 
pressure  variations. 

COMPARISON  OF  PREDICTIONS  WITH  DATA 

There  now  exist  a  good  number  of  data  sets  for 
turbulent  diffusion  flames.  The  scope  of  this  study  is 
arbitrarily  restricted  to  four  experimental  hydrocarbon 
flames.  We  have  considered  two  flames  of  Lockwood  and 
Moneib  (1) ,  both  for  methane  fuel  but  one  with  the  fuel 
stream  mass  diluted  by  42  per  cent  by  volume  of  nitrogen. 
We  have  included  the  German  natural  gas  flame  of  Wittmer 
and  Gunther  (4)  end  Lenz  and  Gunther  (3) .  And  we  have 
considered  the  town  gas  flame  of  Lockwood  and  Odidi  (5) . 
All  of  these  flames  had  Reynolds  numbers  in  excess  of 
15,000.  The  various  flames  studied  are  summarized  in 
Table  III. 

Mean  Velocities 

Mean  velocity  data  for  the  Lockwood  and  Moneib 
methane  flames  are  reported  in  (2) .  Velocity  data  are 
also  reported  by  Wittmer  and  Gunther  (4) .  Predictions  are 
compared  with  these  data  in  panels  (a)  to  (d)  of  Fig.  1. 
The  predicted  jet  spread  of  the  algebraic  stress  model 
is  excessive.  Tamanini  (32)  mentions  a  similar 
discrepancy  although  he  shows  no  predictions.  The  k-e 
predictions  are  superior,  and  the  effect  of  radiation  on 
the  velocity  is  evidently  small. 

The  marked  superiority  of  the  k-e  model  is 
surprising.  In  common  with  other  workers  (e.g.  (32)!  we 
find  only  marginal  difference  between  them,  in  favour  of 
the  algebraic  stress  model  for  inert  flows.  We  might 
expect  the  algebraic  stress  formulation  to  exhibit  again 
marginal  superiority  for  flames  since  the  buoyancy 
influences  should  be  better  modelled.  That  it  does  not 
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Table  III  Experimental  Flam*  Conditions 


Burner 

diameter  (mm) 


Fuel  volumetric 

riamc 

composition 

Methane  93.63%  CH4 

flame  (1)  5.34%  hydro¬ 

carbons 
0.33%  inerts 

Nitrogen  As  above  but 

diluted  diluted  with 

methane  42%  by  volume 

flame  (1)  Nj 

Methane  81.1%  CH4 

flame  of  15.3%  N2 

(3,4)  0.7%  C02 

2.9%  hydro - 

_  carbons 

Town  gas  55%  H2 

flame  (5)  27%  cS 

4%  CO 
2%  C2B6 
8%  C02 


is  presumably  due  to  inconsistencies  in  the  derivation 
of  the  present  algebraic  stress  model  when  substantial 
density  fluctuations  occur.  We  are  currently  rederiving 
the  model  for  this  variable  density  case.  It  is  of 
interest  to  note  that  when  the  last  (buoyancy  generation) 
terms  are  dropped  from  eqns.  (1)  and  (2)  the  discrepancies 
in  the  algebraic  stress  predictions  are  made  only  slightly 
worse. 

The  last  term  of  the  k  equation  is  an  example  of  one 
for  which  the  effect  of  the  large  density  variations  are 
incorrectly  simulated  since  the  use  of  8  in  the  term 
implies  small  temperature  fluctuations.  The  unapproxi- 
mated  term  is  g  u  p ' .  It  would  be  of  interest  to  retain 
the  correct  term  and  solve  a  modelled  aquation  for  the 
correlation  up'.  We  have  so  far  simply  expressed  it 
as  -  pup'  »  (ut/Op)3P/3x.  The  predictions  are  little 
affected  by  this  'Improvement 1 .  We  also  note  that  the 
dissipation  of  the  u  T'  equation  assumes  a  uniform 
fluid  specific  heat  and  thermal  conductivity  but  in  view 
of  the  proceeding  observation  we  would  expect  this  to 
be  of  small  consequence.  We  conclude  that  the  possible 
inconsistencies  associated  with  the  fluctuating  density 
and  the  fluctuating  pressure  (see  Bilger  (33)  and 
Jones  (34))  arise  in  the  simplifications  used  to  procure 
the  algebraic  stress  relations. 

Mean  Temperature 

Mean  temperature  data  are  available  for  all  five 
flames)  they  are  compared  with  the  predictions  in  the 
several  panels  of  Figs.  2  to  5.  The  influence  of  the 
thermal  radiation  loss  is  significant,  rather  lass  so 
for  the  cleaner  burning  nitrogen  diluted  (Fig.  3)  and 
town  gas  (Fig.  5)  flames.  The  poor  performance  of  the 
algebraic  stress  model,  in  particular  its  over  prediction 
of  the  spreading  rate,  is  again  seen  here. 

It  has  mainly  been  assumed  in  previous  studies  that 
the  radiation  loss  from  these  laboratory  flames  is  small, 
and  this  caused  us  to  believe  that  the  present  crude 
model  would  be  more  than  sufficient.  It  is  clear  that 
a  more  elaborate  radiation  simulation  is  called  for . 

Better  simple  models  exist  which  are  quite  easy  to 
incorporate  (35)  .  We  may  expect  the  inclusion  of  self¬ 
absorption  will  raise  the  predicted  temperatures  and  so 
enhance  the  already  rather  satisfactory  performance  of 
the  k-e  model. 

Godoy  (36)  has  presented  k-e  predictions  for  the 
undiluted  flame  of  (1)  based  on  the  presumption  of  full 
chemical  equilibrium  chemistry  (Figures  2(a),  (b)  and 
4(a),  ( b) ) .  Although  radiation  was  neglected  it  is 
clear  that  the  on-axis  temperature  peak  would  be  somewhat 
too  far  downstream  were  the  results  to  be  corrected  for 
the  radiation  loss.  The  reason  is  that  in  the  fuel  rich 
regions  the  chemical  equilibrium  supposition  substantially 


overpredicts  the  CO  concentration  levels,  delaying  burn 
out.  Combustion  models  based  on  •quilibrium  chemistry 
would  appear  to  require  the  introduction  of  an  extinction 
component  based  on  the  flammability  limits.  At  this 
point  it  should  be  noted  that  blew  et  al  (23)  appear  to 
obtain  satisfactory  concentration  predictions  by  straight¬ 
forwardly  applying  the  concentration  versus  mixture 
fraction  functions  determined  from  laminar  flame 
experiments. 

Fluctuating  Velocity 

A  few  data  for  the  fluctuating  velocity  components 
exist  and  these  are  shown  in  Figs.  6  and  7  along  with  the 
corresponding  predictions  of  the  algebraic  stress 
formulation.  On  the  whole  the  agreement  is  surprisingly 
good.  In  general  the  level  of  turbulence  is  somewhat 
overpredicted,  with  the  values  of  (u2)l/2  being  least  in 
error.  The  algebraic  stress  model  overpredicts  the  jet 
spread  with  significant  adverse  consequences  for  the 
temperature  predictions.  The  predicted  uv  correlation 
which  has  higher  values  than  the  measured  ones,  for  the 
Wittmer  and  Gunther  flame  (4)  as  shown  in  Fig.  6(c), 
is  responsible  for  this  discrepancy. 

Some  k-e  predictions  of  uv  are  shown  in  the  same 
Fig.  6(c)  and  it  is  obvious  that  they  are  in  much  better 
agreement  with  the  data.  Radiation  losses  have  only  a 
small  effect  on  the  fluctuating  velocity  calculations. 

Fluctuating  Temperature 

Somewhat  more  fluctuating  temperature  data  are 
available  than  for  fluctuating  velocities  (Figs.  8,9,10). 
The  on-axis  r.m.s.  temperature  is  generally  underpredicted 
in  the  upstream  region.  The  poorer  performance  pattern 
of  the  present  algebraic  stress  predictions  re-emerges 
here.  Allowing  for  the  thermal  radiation  both  increases 
and  decreases  the  magnitude  of  (T ' 2)  but,  on  the  whole 
its  effect  is  smaller  than  for  mean  temperatures  and  the 
predictions  are  here  not  generally  improved  by  its 
inclusion.  The  peak  r.m.s.  temperatures  of  the  methane 
flames  of  (1)  tend  to  be  overpredicted  by  both  methods 
(Figs.  8(b), (C)  and  9(b), (c))  and  this  may  possibly 
indicate  insufficient  compensation  of  the  thermocouple 
data.  The  best  predictions  are  for  the  nitrogen  plumes. 

In  a  sense  the  natural  gas  flames  of  (3)  may  also  be  con¬ 
sidered  as  nitrogen  diluted  because  of  the  high  nitrogen 
content  of  the  fuel . 

CONCLUDING  REMARKS 

The  most  striking  outcome  of  these  straightforward 
validation  studies  has  been  that  the  role  of  the  thermal 
radiation  transfer  is  much  greater  than  had  previously 
been  suspected.  Satisfactory  model  validation  studies, 
especially,  can  therefore  not  be  performed  for  the  typical 
laboratory  turbulent  jet  flame  if  the  radiation  transfer 
is  neglected. 

The  k-e  turbulence  model,  combined  with  a  standard 
fast  reaction  combustion  model,  is  able  to  simulate 
these  flames  fairly  satisfactorily.  The  effect  of  the 
additional  buoyancy  source  terms  on  these  equations  is 
small.  These  results  should  give  heart  to  the  mathematical 
modellers  of  combustion  equipment  who  would  prefer  for 
reasons  of  economy  the  simple  k-e  model. 

The  algebraic  stress  model  performs  poorly.  This 
is  not  the  case  for  inert  flows  of  the  present  kind  where 
it  is  marginally  superior.  This  may  be  due  to  two  main 
reasons.  The  first  one  is  that  the  large  density 
fluctuations  that  occur  in  reacting  flows  are  not  properly 
modelled.  The  assumptions  made  which  are  based  on  non¬ 
reacting  flows  are  precarious  in  this  case.  The  second 
one  is  that  pressure  variation  correlations  that  appear 
in  the  Reynolds  stress  and  turbulent  flux  equations  (see 
(34))  may  be  significantly  big  to  influence  the  calculat¬ 
ions.  Bigler  (33)  discusses  the  possible  effects  of  a 
similar  term  appearing  in  the  turbulence  energy  equation, 
we  have  not  worked  out  a  consistent  formulation  of  the 
algebraic  stress  expressions,  but  we  suspect  that  it  may 
well  prove  more  expedient  to  solve  the  stress  equations 
in  their  full  forms.  Finally,  we  might  note  that  the 
time  scale  of  the  temperature  fluctuations  decay  rate 
spears  not  to  be  equal  to  the  turbulence  time  scale,  and 


varies  considerably  (37)  .  The  conventional  assumption 
in  modelling  the  dissipation  term  in  the  T ' 1  equation 
is  that  the  ratio  of  these  two  time  scales  is  unity,  or 
at  most  a  constant  value  close  to  unity.  We  have  assumed 
a  unity  ratio. 
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Fig.  2  Mean  temperature  distributions 
for  methane  flame  of  (1) 

(a)  Along  symmetry  axis 

(b)  Radial  profile  at  x/d  ■  36.2 

(c)  Radial  profile  at  x/d  •  75.0 


Fig.  4  Mean  temperature  distributions 
for  flame  of  (3) 

(a)  Along  symmetry  axis 

(b)  Radial  profile  at  x/d  *60 
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Fig.  3  Mean  temperature  distributions  for  nitrogen 
diluted  flame  of  (1) 

(a)  Along  synetry  axis 

(b)  Radial  profile  at  x/d  *  36.2 
(e)  Radial  profile  at  x/d  •  75.0 
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Fig .  5  Mean  temperature  distributions 
for  flame  of  (5) 

(a)  Along  symmetry  axis 

(b)  Radial  profile  at  x/d  *40 

(c)  Radial  profile  at  x/d*  90 
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ABSTRACT 

In  this  paper  a  model  for  local  extinction  in  tur¬ 
bulent  flow  is  developed  The  model  is  based  on  the 
Eddy  Dissipation  Concept  (EDC)  for  chemical  reaction  in 
turbulent  flow  developed  by  Magnussen  (198 1)1.  A  review 
of  this  concept  is  included  in  the  paper.  The  (EDC)  is 
a  reactor  concept  which  is  unique  in  that  it  takes  into 
account  the  intermittent  behaviour  of  the  smallscale 
structures  of  turbulence,  as  well  as  the  effect  of  the 
fine  structures  on  the  chemical  reactions.  Both  fast  and 
slow  chemical  reactions  can  be  treated  simultaneously 
and  consequently  the  extinction  process.  In  this  paper 
the  extinction  is  assusMd  to  take  place  in  the  fine 
structure.  The  lift-off  and  blow-out  conditions  for  tur¬ 
bulent  diffusion  flames  are  calculated  and  compared  with 
experimental  data.  The  turbulent  flame  propagation  velo¬ 
city  is  also  discussed  with  regards  to  the  same  concept. 

NOMENCLATURE 

c£  concentration  (kg/m^) 

c_  specific  beat 

DF  noxxle  diameter 

F  flatness  factor 

F  characteristic  fine  structure  flatness  factor 

AHg  reaction  enthalpy  difference 

k  turbulence  kinetic  energy 

L*  characteristic  length  scale  of  fine  structures 

L'  characteristic  turbulence  length  scale  mixing 

length 

L”,  Ln  characteristic  turbulence  length  at  different 
structure  level 

m  exchange  rate  of  mass  with  fine  structures 

Ra^  turbulence  Reynolds  number 

r  stoichiometric  oxygen  requirement  to  burn  1  kg 

fuel 

T  temperature  (K) 

AT  excess  temperature  of  reacting  fine  structures 

Ug  turbulent  flame  velocity 

D  mean  flow  velocity 

u*  characteristic  velocity  of  fine  structures 

u'  turbulence  velocity 

u",u“  characteristic  turbulence  velocity  at  different 
structure  level 
x  axial  coordinate 

T  fractional  conversion  parameter 

y  lateral  coordinate 

p  density 

c  rate  of  dissipation  of  turbulence 

kinetic  energy 

ut  effective  turbulent  viscocity 

v  kinematic  viscosity 

y*  intermittency  factor 

Y^  mass  fraction  occupied  by  fine  structures 

mass  fraction  occupied  by  fine  structures 
regions 


t*  time  scale  for  the  fine  structure 

chemical  time  scale 

tx  time  scale  for  the  fine  structure  regions 

bulk  mixing  timescale 

INTRODUCTION 

Local  extinction  in  a  practical  turbulent  combust¬ 
ion  situation  can  influence  important  combustion 
characteristics  like  stability,  noise  generation,  flame 
propangation,  fuel  consumption  and  heat  transfer.  These 
characteristics  are  of  main  importance  for  the  perform¬ 
ance  and  operation  of  combustion  engines,  combustion 
chambers,  flare  burners  and  fire  fighting  equipment. 

From  a  fundamental  point  of  view  the  extinction 
characteristics  of  chemical  reactions  in  turbulent  flow 
can  give  some  new  information  about  the  geometry  and  the 
dynamics  of  the  small  scale  turbulent  structure  and  the 
interaction  between  the  structure  and  chemical  reactions 
which  is  some  of  the  main  problems  in  turbulence.  The 
classical  way  to  treat  extinction  phenomena  is  to  apply 
Kar lovitz— Kovasnay s  criterium  resently  used  in  a  tur¬ 
bulent  combustion  situation  by  Chomiak  (1982)2.  Turbulent 
structure  models  have  been  developed  and  used  by  ^ 
Lockwood  and  Megahed  (1978)3  and  Tabaczynski  (1981)  . 
Cannon  for  these  models  is  that  the  chemical  kinetical 
properties  of  the  fluid  is  expressed  through  the 
laminar  flame  speed. 

Recently  Peters  ( 1982 ?  treated  the  extinction 
process  in  turbulent  flow  by  considering  the  quenching 
of  diffusive  flamelets  where  both  the  intermittant  be¬ 
haviour  of  turbulence  and  chemical  kinetics  were  taken 
into  account. 

REVIEW  OF  EDC 

Chemical  reactions  take  place  when  reactants  are 
mixed  at  molecular  scale  at  sufficiently  high  tempera¬ 
ture'.  In  turbulent  flow  the  reactant  consumption  is 
strongly  dependent  on  the  molecular  mixing.  It  is  known 
that  the  microscale  processes  which  are  decisive  for 
the  molecular  mixing  as  well  as  dissipation  of  turbu¬ 
lence  energy  into  heat  are  severely  intermittent  i.e. 
concentrated  in  isolated  regions  whose  entire  volume  is 
a  small  fraction  of  the  volume  of  the  fluid. 

These  regions  are  occupied  by  fine  structures 
whose  dimensions  are  small  in  one  or  two  directions, 
however  not  in  the  third.  These  fine  structures  are 
believed  to  be  vortex  tubes,  sheets  or  slabs  whose 
characteristic  dimensions  are  of  the  same  magnitude  as 
the  Kolmogorov  microscale.  6,7,8,9,10 

The  fine  structures  are  responsible  for  the  dissi¬ 
pation  of  turbulence  into  heat.  Within  these  structures 
one  can  therefore  assume  that  reactants  will  be  mixed 
at  molecular  scale.  These  structures  thus  create  the 
reaction  space  for  non— uniformly  distributed  reactants. 


.-vw 

.•-Y-Vy 


V  ■ .-  '.1 

'*.•  v'1 

w 


10.32 


I 


In  *  noddling  context  on*  c*n  tagout*  chat  th* 
reactants  art  homogeneously  mixed  wichin  th*  fin*  struc¬ 
ture*  .  Thug,  in  order  co  be  able  to  treat  th*  reaction* 
wichin  chi*  apace,  it  is  necessary  co  row  che  reaction 
volume  and  th*  taaa*  transfer  rate  between  che  structures 
and  th*  surrounding  fluid. 

The  following  describes  a  concept  for  creating 
chemical  reactions  in  curbulent  flow  which  include  basic 
feature*  of  th*  preceeding- 

Turbulenc*  energy  dissipation 

In  turbulent  flow  energy  from  che  mean  flow  is 
transferred  through  che  bigger  eddies  co  che  fin*  struc¬ 
tures  where  mechanical  energy  is  dissipated  into  heat. 
This  process  is  schematically  described  in  Fig.  1. 
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Fig.  1.  Turbulent  energy  transfer 


In  general,  high  Reynolds  number  turbulent  flow 
will  consist  of  a  spectrum  of  eddies  of  different  sizes. 
Mechanical  energy  is  mainly  transferred  between  neigh¬ 
bouring  eddy  structures  as  indicated  in  Fig.  1.  For  the 
same  reason  the  main  production  of  turbulence  kinetic 
energy  will  be  performed  by  che  interactions  between 
bigger  eddies  and  th*  mean  flow. 

Th*  dissipation  of  kinetic  energy  into  heat,  which 
is  due  to  work  done  by  molecular  forces  on  the  turbulence 
eddies,  on  the  other  hand  mainly  takes  place  in  the 
smallest  eddies. 

Important  turbulent  flow  characteristics  can  for 
nearly  isotropic  turbulence  be  related  to  a  turbulence 
velocicy,  u',  and  a  turbulent  length,  L'.  These  quanti¬ 
ties  are  linked  co  each  other  through  the  curbulent  eddy 
velocity: 


Modelling  interstructural  energy  transfer 


Figure  2  schematically  illustrates  a  model  for  the 
transfer  of  mechanical  energy  from  bigger  to  smaller 
turbulent  structures1 1 . 

Th*  first  structure  level  represents  the  whole 
spectrum  of  turbulence  which  in  an  ordinary  way  is 
characterised  by  a  turbulence  velocity,  u',  a  length 
scale,  I.',  and  vorticity,  or  characteristic  strain  rate 


Fig.  2.  A  modelling  concept  for  transfer  of  energy  from 
bigger  to  smaller  turbulent  structures 


The  next  structures  level  represent  part  of  the 
turbulence  spectrum  characterized  by  a  vorticity 

u"  .  2u'  (4) 

velocity,  u",  and  length  scale,  L”.  The  transfer  of 
energy  from  the  first  level  to  the  second  level  is 
expressed  by 

w'  -  C2  12  ~r  u"2  (5) 

Similarly  the  transfer  of  energy  from  the  second 
co  the  third  level  where 


is  expressed 

w"  -  c2  12  jC  •  u'"2  (7) 

Th«  part  which  is  directly  dissipated  into  heat  is 

expressed 

q"  -  c2  •  !5v(iC)2  (8) 

The  turbulence  energy  ballance  for  the  second 
structure  level  is  concequently  given  by 

c2  12  u”2  -  C2(12  •  um  2  *  l5-v(^)2)  (9) 

This  sequence  of  turbulence  structure  levels  can  be  con¬ 
tinued  down  to  a  level  where  all  the  produced  turbulence 
kinetic  energy  is  dissipated  into  heat.  This  is  the  fine 
structure  level  characterized  by,  u*,  L*,  and  u>*. 

The  turbulence  energy  transferred  to  the  fine 
structure  is  expressed  by 

w*  ■  £2  •  6  p  •  u*2  OO) 


•-V-V- 


The  rat*  of  dissipation  can  for  this  level  be  ex¬ 
pressed  by 

t’  -C202  p  •  u”2  ♦  15  •  v(p)2)  (3 

■here  e  is  a  numerical  constant. 


and  the  dissipation  by 

q*  »  C2  •  l5v  (p)  (11) 

According  to  this  model  nearly  no  dissipation  of 
energy  into  heat  takes  place  at  the  highest  structure 


level.  Similarly  it  can  ba  shown  chac  3/4  of  the  dissi¬ 
pation  takas  placa  at  tha  fine  structure  level. 

Taking  this  into  account  and  by  introducing  c»0.18 
tha  following  three  equations  are  obtained  for  che  dissi¬ 
pation  of  turbulence  kinetic  energy  for  nearly  isotropic 
curbulenca: 

.3 


t  -  0.2 


(12) 


c  •  0.267 


u* 


(13) 


e  -  0.67  v  (Hi) 


(14) 


Introducing  che  Taylor  microscale  a  fourth  equation 
is  obtained 

,  2 


t  -  15  v  (j-) 


(15) 


By  combination  of  equations  (13)  and  (14)  the 
following  characteristics  (scales)  for  the  fine  struc¬ 
tures  are  obtained 


u*  *  1.74  (e»v) 


1/4 


(16) 


and 


L*  -  1.43  v3/4/e1/4 


(17) 


where  u*  is  the  mass  average  fine  structure  velocity. 

The  scales  are  closely  related  to  the  Kolmogorov  scales. 


The  fine  structures 


The  tendency  towards  strong  dissipation  inter- 
mittency  in  high  Reynolds  number  turbulence  was  dis¬ 
covered  by  Batchelor  and  Townsend11,  and  then  studied 
from  two  points  of  view;  different  statistical  models 
for  the  cascade  of  energy  starting  from  a  hypothesis 
of  local  invariance  or  self similarities  between  motions 
of  different  scales,  and  then  by  consideration  of  hydro- 
dynamic  vorticity  production  due  to  stretching  of  vortex 
l ines . 

It  can  be  concluded  that  the  amallscale  structures 
who  are  responsible  for  che  main  part  of  che  dissipation 
are  generated  in  e  very  localized  faahion.  It  is  assumed 
that  these  structures  consist  typically  of  large  thin 
vortex  sheets,  ribbons  of  vorticity  of  vortex  tubes  of 
random  extension  folded  or  tangeled  throughout  che  flow 
(Fig.  3). 


Modelling  characteristics  of  the  fine  structures 


It  is  assumed  that  che  mass  fraction  occupied  by 
the  fine  structures,  on  che  basis  of  consideration  of  the 
energy  transfer  to  these  structures  (eqs.  12  and  13)  can 
be  expressed  by 


(4) 3 

u 


(18) 


If  it  is  assumed  chat  the  fine  structures  are  local¬ 
ized  in  nearly  constant  energy  regions,  then  che  mass 
fraction  occupied  by  the  fine  structure  regions  can  be 
expressed  by 

u*  2 

Y*  -  Y,  •  (Hy)  (19) 


giving  che  following  expression 


u* 


(20) 


Assuming  nearly  isotropic  turbulence  and  intro¬ 
ducing  the  turbulence  kinetic  energy  and  its  rate  of 
dissipation  che  following  expressions  are  obtained: 


v.e  3/4 

Y*  -  9.7  •  (H_|) 


(21) 


and 


YX  -  2.13-(££) 


1/4 


(22) 


number 


Similarly  by  introducing  the  turbulence  Reynolds 


Y*  *  40.2  •  Re 


-3/2 


(23) 


and 


3.42 


Re 


-1/2 


(24) 
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Kuo  and  Corrsin  have  given  some  results  for  che 
flatness  factor  of  Bu/9t  as  a  function  of  Re,  (Fig.  5). 

In  order  to  compare  the  above  results  with  these  results 
an  empirical  expression  has  been  developed  for  the  rela¬ 
tionship  between  the  flatness  factor  and  the  intermitcency 
factor: 


F„  -  1.5-0 


1/y) 


(25) 


.  1 


Figure  4  shows  a  comparison  between  some 

»  .  Ifi  ...  •  .. 


The  fine  structures  are  localized  in  certain  fine  Fig-  4-  Comparison  between  experimental  results  and 

structure  regions  whose  linear  dimensions  are  consider-  empirical  expression  for  the  flatness  factor  as 

ably  larger  than  the  fine  structures  therein1®.  These  *  function  of  the  intermictency  factor, 

regions  appear  in  the  highly  stained  regions  between  che 

bigger  eddies. 


When  eq.  (25)  is  applied  Che  following  expression 
for  the  fletness  faccor  for  the  fine  structures  is 
obtained. 

F  •  1.5  ♦  0.44  •  Re.0,S  (26) 

A  A 

Equation  (26)  is  compared  with  the  experimental 
results  of  Kuo  and  Corrsin®  in  Fig.  5. 


Fig.  5.  Flatness  factor  of  3u/3t  as  a  function  of  Re^ 
compared  with  theoretical  flatness  factor  for 
the  fine  structures. 


From  this  comparison  it  can  be  concluded  that  the 
overall  features  of  the  physics  seem  to  have  been  taken 
care  of  by  the  suggested  expressions. 

do  the  basis  of  simple  geometrical  considerations 
*he  craasfer  of  mass  per  unit  of  fluid  and  unit  of  time 
between  the  fine  structures  and  the  surrounding  can  be 
expressed  as  follows 


a  -  2  •  ~s  •  1*  <!/*> 


(27) 


Expressed  by  k  and  c  for  nearly  isotropic  turbulence 
eq.  (27)  turns  into 

1/4 

a  •  23.6  ■  (— “t)  •  4  (1/s)  (28) 

k 


Molecular  mixing  and  reaction  processes 

The  rete  of  molecular  mixing  is  determined  by  the 
rate  of  mixing  between  the  fine  structures  and  the 
surrounding  fluid. 

The  mean  mss  transfer  rate  between  a  certain 
fraction,  x>  of  the  fine  structures  and  the  rest  of  the 
fluid,  E.,  can  for  a  certain  specie,  i,  be  expressed  as 
follows:  . 

«• 


c  .* 
i 


(29) 


where  *  and  °  refer  to  conditions  in  the  fine  structures 
and  the  surrounding. 

The  mss  transfer  rate  can  also  be  expressed  per 
unit  vqIum  in  the  fine  structure  fraction,  x,  <• 


R.» 

i 


■(- 


->-4) 

0 


(30) 


Finally,  che  concentration  of  a  specie,  i,  in  the 
fraction,  x»  of  the  fine  structures  and  in  the  surround¬ 
ing  it  related  to  the  Man  concentration  by: 


ci 

r 


Y*.  x  ♦ 


o 


c . 
1 


(1 


Y*  •  X) 


(31) 


It  is  now  possible  to  puc  up  balance  equations  for 
reacting  fine  structures  and  the  surrounding  fluid 
including  chemical  kinetic  race  expressions. 


Combus t ion  rates 


If  the  rate  of  reaction  between  fuel  and  oxygen  is 
considered  infinitely  fast,  the  rate  of  reaction  will  be 
limited  by  the  mass  transfer  between  the  bulk  and  the 
fine  structures.  In  this  case  che  concentration  of  fuel 
or  oxygen  will  be  very  small  within  the  reacting  fine 
structures.  If  the  reaction  took  place  in  all  the  fine 
structures,  the  rate  of  combustion  would  be  expressed 
by: 


R 


fu 


(32) 


where 


Sfu  “d  =02 
and  oxygen, 
ment. 


is  the  smallest  of  c.  and  I-  /r„  ,  where 
fu  02  fu’ 

are  the  local  mean  concentrations  of  fuel 
and  r^  the  stoichiometric  oxygen  require- 


Not  all  the  fine  structures  will  be  sufficiently 
heated  to  react.  This  is  obviously  the  case  in  com¬ 
bustion  of  premixed  gases  where  both  fuel  and  oxygen  are 
present  in  the  fine  structures. 

The  fraction  of  the  fine  structures  which  reacts 
can  be  assumed  proportional  to  the  ratio  between  che 
local  concentration  of  reacted  fuel  and  the  total  fuel 
concentration: 


Sr/((,+rfu),Yl 

x  ■  _ - 


c  / (It.  )  +  c. 
pr  fu  fu 


(33) 


where  Cpr  is  the  local  mean  concentration  of  reaccion 
products.  Equation  (33)  implies  the  assumption  that 
the  reaction  products  are  kept  within  the  fine  structure 
region  until  a  concentration  is  reached  which  yields  x 
equal  to  unity. 

By  combination  of  equations  (32)  and  (33)  the 
following  general  equation  is  obtained  for  the  rate  of 
combustion  at  infinite  reaction  rate  between  fuel  and 
oxygen: 


R 


fu 


_ 2S _ 

1  -  Y*X 


c  . 

mm 


(34) 


The  reacting  fine  structures  under  these  conditions 
will  have  a  temperature,  AT,  in  excess  of  the  local  mean 
temperature: 


.  '  Cmin 

®  ’  cp 


(35) 


where  AHp  is  the  heat  of  reaction  and  Cp  the  local  speci¬ 
fic  heat  capacity.  The  temperature,  T*,  of  the  reacting 
fine  structures  is  consequently: 

T*  -  T  +  AT  (36) 

and  the  surrounding  temperature: 

T°  •  T  -  AT  •  —  (37) 

1  -  Y*.  x 


where  T  is  the  local  time  mean  temperature. 


Chemical  controlled  reaction  rate 

On  the  basis  of  the  precious  there  can  be  defined 
characteristic  mixing  time  scales: 

The  bulk  mixing  time  scale 

Tw  •  1/m  (38) 

n 

The  fine  structure  time  scales 

t*  ■  Y*/m  (39) 


TX  *  V" 


(40) 


•- 


These  cine  scales  can  be  compared  with  chemical 
kinetic  time  scales  in  order  to  establish  whether  Che 
reaccion  is  mixing  or  chemical  controlled,  and  even 
established'  criteria  for  extinction  of  flames. 


MODELING  FLAME  EXTINCTION  AND  TURBULENT  FLAME  PROPAGATION 
ACCORDING  TO  THE  EDC 

Extinction 

According  to  the  previous  concept  heat  and  mass 
balance  including  chemical  kinetics  can  easily  be  tat  up 
for  the  fine  structures  and  the  surrounding  fluid.  Con¬ 
sequently,  knowing  the  chemical  kinetics,  a  criterium  for 
Che  extinction  erf  the  fine  structures  can  be  obtained. 

When  a  typical  timescale  for  the  combustion  reaction  is 
small  compared  to  t*  the  fuel  consumption  is  independent 
of  chemical  kinetics  and  is  a  purely  hydrodynamic  problem. 
However  when  the  residence  time  becomes  smaller  than  a 
typical  chemical  cime  scale  the  reaction  will  not  be  com¬ 
pleted  in  the  fine  structure  and  the  fuel  consumption  is 
strongly  influenced  by  chemical  kinetics.  As  the  resi¬ 
dence  time  decreases  extinction  will  finally  occur. 

The  chemical  cime  scale,  however,  is  not  a  uniquely 
defined  quanticy.  Many  different  expressions  can  be 
found  in  the  literature  describing  the  various  steps  in 
the  reaction  process.  In  addition  it  is  very  difficult 
to  find  relevant  daca  for  different  fuels. 

When  studying  turbulent  extinction  a  common  substi¬ 
tute  for  the  lacking  chemical  kinetic  data  has  been  time 
scales  baaed  on  the  laminar  flame  propagation  behaviour 
of  the  mixture3*4.  These  time  scales  are,  however,  more 
dependent  on  the  diffusive  properties  of  the  fluid  than 
Che  chemical  kinetics.  Anocher  time  scale  that  has  been 
used  is  the  chemical  induction  time  or  ignition  delay 
cime.  This  cime  scale  is  usually  measured  in  shock  cube 
experiments  where  the  reaction  starts  from  the  very  low 
radical  concentration  level  of  the  unheated  gases.  This 
is  not  Che  case  in  flames  and  other  reacting  systems 
where  there  exists  a  source  of  free  radicals  somewhere 
in  the  system.  Here  the  induction  time  is  much  shorter. 

In  a  typical  turbulent  combustion  situation  it  is  be¬ 
lieved  chat  radicals  are  already  present  in  the  regions 
where  the  fine  structures  are  located.  When  it  it  further 
assumed  that  the  internal  mixing  inside  the  fine  struc¬ 
tures  are  fast  then  the  fine  structures  can  be  considered 
as  a  well  stirred  reactor. 

On  Che  basis  of  Che  previous  the  fractional  con¬ 
version  parameter  for  Che  reactor  is  defined  as  (cfr. 

Fig.  6) 
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Fig.  6.  Schematic  illustration  of  a  reacting  fine 
structure 

For  a  one  step  irreversible  reaction  the  mass  and  heat 
balance  for  the  fine  structure  can  be  expressed  as 

R  *  •  t*  o 

y  .  -Li _  £_  o 

O  0* 


c  (T*  -  T°)o 


where  the  fine  structure  is  considered  to  be  adiabatic 
and  the  specific  heat  of  the  fluid  is  assumed  to  be 
constant.  The  extinction  cime  scale  can  then  be  found 
from  eq.  (42)  and  (A3)  according  to  Fig.  7,  where  the 
extinction  cime  scale  T*  _  is  indicated. 


Fig.  7.  Schematic  illustration  of  Extinction  in  the 
fine  structure  r*  >  >  t* 


Turbulent  flame  propagation 


The  propagation  of  a  plane  flame  in  turbulent  flow 
can  be  expressed  by 

3c.  v_  32c. 

II  _ Li  -  T  _ fU  .  n  ILL 


where  U  is  the  turbulent  flame  propagation  velocity, 
is  the  turbulent  viscosity  and  o  is  the  turbulent 
Schmid*-  number.  With  R.  expressed  according  to  Eq.  (34), 
the  only  physical  meaningful  solution  to  Eq.  (44)  reads 

mv  1/2 


By  introducing  the  turbulent  viscosity  from  the  k-e- 
model  this  transforms  into 


In  a  typical  shear  flow  situation  k  »  u'  and  oil. 
This  gives  a  turbulent  flame  propagation  velocity 


This  is  generally  in  relatively  close  agreement  with 
the  experimental  data  collected  by  Bradley  et.a.  (1981) 

When  the  fine  structure-time  scale  t*  is  reduced  to 
the  same  magnitude  as  the  chemical  time  scale,  the  turbu¬ 
lent  flame  speed  is  reduced  due  to  local  extinction  in  the 
fine  structures.  At  a  critical  value  of  the  fine  struc¬ 
ture-time  scale  the  flame  will  be  quenched  by  the 
turbulence.  This  leads  to  the  following  general  qualita- 
tiv  relation  for  the  turbulent  flame  speed: 


-t  ■  f(x*  /t*) 
u  ch 

Due  to  the  strong  interaction  between  T*  and  t*h/ t* , 
the  flame  quenching  appears  like  a  catastrophy  as 
indicated  in  fig.  8. 


10.36 


Maximum  turbulenc 

flame  propagation 

velocity 

\ 

Extinction 

1 

1 

1 

1 

1  ( 

o  1 .0 

T*ch/T* 

Fig.  8.  Schematic  illustration  of  the  turbulent  flame 
propagation  velocity  variation. 


the  abrupt  extinction  has  been  shown  experimentally  by 
Chomiak  et.  al.  (1982)^.  In  these  experiments  extinction 
for  a  methane  mixture  occured  at  a  fine  structure  time 
scale  of  approximately  x*  a  10"4s  this  in  close  agree¬ 
ment  with  the  chemical  time  scale  deduced  from  the  global 
reaction  rate  used  by  Bradley  et.al.(1976)  •  and  is 

also  in  reasonable  agreement  with  the  multistep  kinetic 
calculations  for  methane-air  mixture  reported  by  Martenay 
(1970)17. 


Lift-off  and  blow-off  of  turbulent  diffusion  flames 


According  to  Che  extinction  model  and  Che  result  for 
the  turbulent  flame  speed  a  lifted  diffusion  flame  will 
be  stabilized  near  the  position  on  the  scochiometric 
contour  where  the  fine  structure  time  scale  equals  the- 
chemical  time  scale.  The  reason  why  the  stabilization 
point  is  located  at  or  near  the  stochiometric  contour  is 
that  Che  reaction  rate  has  its  maximum  near  this  contour. 
This  is  shown  in  fig.  9.  where  also  some  calculated  fine 
structure  time  scales  at  the  stabilization  points  are 
indicated.  By  gradually  increasing  the  exit  velocity  the 
stabilization  point  moves  further  downstreams.  This 
continues  until  the  stabilization  point  is  at  a  position 
where  Che  mean  flow  velocity  is  nearly  equal  to  the 
maximum  flame  propagation  velocity,  then  the  flame  is 
blown-off.  This  is  shown  in  Fig.  9  where  also  some  calcu¬ 
lated  fine  structure  timescales  at  the  stabilization 
points  are  inducated. 


Fig.  9.  Localisation  of  lift-off  and  blow-off  points 
for  ;  round  free  jet.  Experimental  data  from 
Horch  (18)  for  D  •  0.01  m. 

The  extinction  model  has  been  tested  by  performing 
numerical  calculations  of  the  jet  flow  based  on  the  k-t 
model  of  turbulence  and  then  extracting  the  quenching  time 
scales  by  comparison  with  the  experimental  data  of  Horch 
(1978) 18 . 

Figure  10  shows  a  comparison  between  experimental 
and  predicted  lift-off  heights.  The  predictions  have 
been  based  on  a  constant  fine  structure  timescale,  x*  • 
0.56  •  10-4  s. 


Fig.  10.  Comparison  becween  experimental  and  predicted 
lift-off  heights. 


For  a  constant  nozzle  diameter  the  fine  structure 
timescale  at  the  stabilization  points  was  nearly  constant 
as  shown  both  in  Figs.  9  and  10,  indicating  that  the  fine 
structures  are  of  main  importance  in  the  extinction  pro¬ 
cess.  The  time  scale  did,  however,  decrease  with  in¬ 
creasing  diameter,  as  indicated  in  Table  1. 

Table  1.  Mean  structure  time  scale  at  the  stabilisation 
point  for  different  nozzle  diameters. 


D  (mm) 

4 

6 

8 

10 

x*-104(s) 

1.18 

0.80 

0.67 

0.56 

We  assume  that  this  diameter  effect  is  due  to  radi¬ 
ative  heat  transfer  between  the  fine  structures  at  the 
flame  stabilization  point  and  its  surroundings.  This 
effect  will  tend  to  increase  the  fine  structure  tempera¬ 
tures  and  consequently  reduce  the  extinction  time  scales 
for  increased  nozzle  diameter.  As  such  this  effect  can 
readily  be  handled  by  the  described  concept.  At  the 
blow-off  point  the  ratio  of  a  typical  turbulence  velocity 
to  the  mean  flow  velocity  was  nearly  equal  to  u'/U  a  0.5. 
This  is  shown  in  Fig.  9  and  table  2. 

Table  2.  Turbulence  intensity  at  blow-off  point  for 
different  nozzle  diameters. 


D  (mm) 

4 

6 

8 

10 

u '  /U 

0.51 

0.47 

0.49 

0.48 

According  to  the  previous,  the  mean  velocity  is 
nearly  equal  to  the  maximum  turbulent  flame  propagation 
velocity  at  the  blow-off  point. 


CONCLUSIONS 

The  previous  have  shown  that  extinction  processes  in 
turbulent  combustion  ca--  he  treated  by  the  eddy  dissipa¬ 
tion  concept  (EDC)  of  Mt'’  ussen.  Predictions  deduced 
from  the  proposed  extinct  ;n  model  compares  well  with 
experimental  data. 

The  flame  stabilization  poinr  for  lifted  diffusion 
flames  is  located  at  the  stoichiometric  contour  and  at 
positions  where  the  fine  structure  mixing  time  scale  x* 
is  approximately  equal  to  the  chemical  time  scale  x£^ 

An  expression  for  the  turbulent  flame  propagation 
velocity  is  deduced  from  the  EDC.  This  expression  gives 
results  which  are  in  close  agreement  with  experimental 
data.  It  is  shown  that  blow-off  for  turoulent  diffusion 
flames  occurs  at  a  point  where  the  maximum  turbulent  flame 
propagation  velocity  is  equal  to  the  mean  flow  velocity. 
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TRANSITION  FROM  A  HORIZONTAL  TURBULENT  BUOYANT  JET  TO  A  MIXING  LAYER:  AN  ENTRAINMENT  MODEL 


Gerhard  H.  J  Irina 

School  of  Civil  and  Environmental  Engineering 
Cornell  Unlveraiey 
Ithaca,  NY  14853 


An  entrainment  model  for  the  tranaitlon  from  a  hor- 
zoncal  turbulent  buoyant  jet  to  a  mixing  layer  la  devel¬ 
oped  using  the  mean  energy  equation  for  closure .  The 
model  predicts  the  reduced  entrainment  and  the  mean  pro¬ 
file  distortion  chat  occur  In  such  motions. 

INTRODUCTION 

Many  geophysical  flow  situations  and  engineering 
application  involve  the  horizontal  Inflow  of  a  buoyant 
fluid  Into  a  larger  basin  at,  and  parallel  to  a  horizon¬ 
tal  boundary.  Thla  may  be  in  the  fora  of  a  light  fluid 
at  the  surface  of  water  body  (e.g.  river  flows  Into  the 
ocean)  or  of  heavy  fluid  ac  the  bottom  (e.g.  cold  air 
flows  or  sediment  currents).  Frequently  the  Initial 
flow  condition  is  jet-llke  with  Intense  shearing  and 
turbulence  generation.  The  Influence  of  buoyancy  makes 
itself  felt,  however,  by  a  gradual  damping  of  the  turbu¬ 
lent  structure  and.  In  second  conaequence,  an  overall 
modification  of  the  flow  geometry.  Ultimately,  the  flow 
approaches  a  buoyant  mixing  layer  structure  In  which  the 
turbulence  generation  is  limited  to  a  thin  and  continu¬ 
ously  contracting  shear  layer  zone  while  the  remainder 
of  the  flow  approaches  shear  flaw  conditions. 

This  structure  Is  Illustrated  in  Fig.  1  for  a  two- 
dimensional  flow  situation  with  the  upper  boundary  of 
the  unlimited  fluid  being  slip- like,  such  as  a  free  wa¬ 
ter  surface.  The  flow  Is  generated  by  the  steady-state 
injection  of  a  horizontal  momentum  flux  per  unit  width 
Uq  and  a  buoyancy  flux  per  unit  width  p0  adjacent  to  the 
bounding  surface.  Two  photographs  from  laboratory  ex¬ 
periments  by  Rajaratnam  and  Subramanyan  (1983)  are 


shown  in  Fig.  2  with  a  variable  initial  bulk  Rlchardaon 
number  Rig  ■  0.037  and  0.105,  respectively,  in  which  Rl0 
”  Po  Nj  and  ho  is  the  height  of  the  discharge 

slot. 

A  special  comment  is  in  order  as  to  the  type  of 
equations  and  boundary  conditions  governing  this  two-di¬ 
mensional  flow  situation.  For  small  x,  the  flow  is 
clearly  of  jet-type  and  purely  upstream  controlled.  It 
is  supercritical  as  defined  by  a  bulk  denslmetrlc  Froude 
number  F  >  1,  in  which  F  ■  u  (g*h)"^^(  u.  .  characteris¬ 
tic  velocity,  g*  -  characteristic  buoyancy  and  h  •  layer 
depth  and  hence  can  be  described  by  a  parabolic  equation 
system  in  the  bulk  integrated  form.  For  larger  x,  how¬ 
ever,  the  finite  jet  momentum  is  increasingly  opposed  by 
the  buoyant  pressure  force  as  the  layer  increases  in 
thickness.  Ultimately,  therefore,  the  flow  will  reach  a 
subcritlcal  regime,  F  <  1 .  In  the  sense  of  classical 
long  wave  dynamics  -  wave  length  of  the  order  of  layer 
depth  h  -  the  flow  will  then  be  influenced  by  the  down¬ 
stream  boundary  condition  as  well  and  is,  in  fact,  of 
the  elliptic  type.  Several  consequences  arise  at  this 
point:  If  the  domain  is  unlimited,  x  ♦  »,  there  exists 
no  steady-state  solution  and  the  downstream  flow  will 
increase  in  thickness  due  to  the  effect  of  interfacial 
shear.  This  will  lead  to  jump-like  transitions  to  the 
upstream  regime,  until  the  jet  becomes  full  submerged 
("flooded").  Similar  conditions  may  arise  for  finite, 
but  large,  x  or  if  some  blocking  exists  at  the  down¬ 
stream  boundary.  Several  devices  can  be  used  in  prac¬ 
tice  (see  Jlrka,  1982)  to  generace  flows  that  are  jump- 
free  and  predominantly  upstream  controlled  -  although 
never  purely  upstream  controlled  in  the  sense  of  the 
definition  diagram,  Fig.  1.  These  are  a  slight  co-flow 
in  the  lower  layer,  a  slight  slope  of  the  bounding  sur- 
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a)  Ri0  -  0.037 


b)  Kl0  -  0.102 

Fig.  2:  Horizontal  buoyant  jet  experiments.  Jet  flow 
(left  to  right)  la  confined  to  cop  portion  of 
fluae.  From  Rajaratnaa  and  Subramanyan  (1983). 

face,  a  slightly  non-conservative  buoyancy  flux  (e.g. 
heat  loss),  a  gradual  expansion  or  the  vicinity  of  a 
control  section  (with  suction  or  release  Into  a  vide 
reservoir). 

The  cntrainman t  nodal  developaent  given  below  la 
directed  at  an  Ideal,  Jump-free  and  upstream  controlled 
transition  fro*  a  jet  to  a  sizing  layer  regime.  Its 
prise ry  purpose  la  to  study  the  effects  of  the  small 
wave  dynast cs  -  of  order  of  the  shear  layer  depth  4 ,  4  <_ 
h,  see  Fig.  1  -  on  Jet  ent raiment.  Although  not  given 
here,  soae  of  the  'non-ideal*,  second-order  effects 
(e.g.  boundary  slope)  can  be  Incorporated  Into  the 
Model . 


MODEL  FORMULATION 


A  turbulent  entrainment  nodal  for  this  transition 
flow  is  developed  using  the  integral  approach  for  free 
turbulent  sot Ions.  An  entrainment  coefficient  a  Is  de¬ 
fined  as  a  •  In  which  q  Is  the  volume  flux,  u<.  the 

Jet  or  sizing  faySr  centerline  velocity  and  x  the  hori¬ 
zontal  distance.  The  functional  dependence  on  bulk 
Richardson  number,  a  »  o(Rl(,),  la  the  object  of  the 
analysis  In  which  Rl^  •  g£h/u|  where  h  is  the  total  jet 
or  layer  thickness  and  g*its  centerline  buoyancy. 

Using  the  four  conservation  equations  for  Jet  dis¬ 
charge,  horizontal  aoaantua,  sean  kinetic  energy  and 
buoyancy  flux  It  is  possible  to  derive  the  following  ex¬ 
pression  for  the  entralnasnt  coefficient  by  the  raqulre- 
aant  of  Internal  consistency  (Jirka,  1982) 
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,1  • 

/  f,  df 

'  o  B 


2  l. 


(1  ♦ 


(1) 


In  which  f(n)  Is  the  non-dlaenslgnal  velocity  profile, 
varying  between  zero  and  unity,  fg(n)  the  associated 
shear  stress  profile  under  the  Influence  of  buoyancy,  n 
the  transverse  normalized  coordinate  and  Ii ,  I3.,  and  I; 
different  integral  constants.  The  integral  /  fg  df  In 
Eq.  1  la  different  froa  that  for  the  non-buoyant  Jet 
(Rih  -  0)  because  of  two  simultaneous  effects:  first, 
the  reduction  of  the  turbulent  stress  intensity  due  to 
the  stable  buoyancy  gradient,  and  second,  the  distortion 
of  the  Jet  profile  to  a  unifora  profile  with  an  attached 


nixing  layer  (Fig.  1).  The  first  aechaniaa  la  a  stabi¬ 
lizing  one,  while  the  second  destabilizes  by  increasing 
the  value  of  the  gradient  Richardson  nuaber.  The  model 
describes  this  interplay  with -the  result  that  for  large 
Rih  the  jet  tends  to  a  stable  non-entralnaent  condition 
without  ever  completely  attaining  It. 

Reduction  of  Shear  Stress  by  Buoyancy:  Reference  Is 
made  to  the  structural  kinship  between  non-buoyant  jets 
and  mixing  layers,  as  regards  the  shape  of  f  (mean  ve¬ 
locity)  and  f  (turbulent  shear  stress)  profiles  for  the 
shear  zones,  denoted  In  general  by  a  width  4  (see  Fig. 
1).  The  numerical  value  of  f,  and  hence  of  the  result¬ 
ing  integral,  la  smaller  by  about  2  for  the  non-buoyant 
mixing  layer  (data  of  Bradshaw  et  al.,  1964)  but  this 
variation  la  neglected  relative  to  further  approxima¬ 
tions.  Considering  then  a  slightly  buoyant  Jet  wr  mix¬ 
ing  layer,  It  la  assumed  that  the  shape  of  the  mean  flow 
profile  f  la  unaffected  by  buoyancy  while  the  shear 
stress  profile  fg  is  similar  In  shape  to,  but  differs  in 
magnitude  from,  the  non-buoyant  case.  Both  of  these  as¬ 
sumptions  are  well  supported  by  Gartrell's  (1979)  data. 
Using  the  transverse  momentum  equation  and  subtracting 
its  non-buoyant  counterpart,  It  can  be  shown  that  the 
transverse  Reynolds  stress  profile  may  be  expressed 

81, 

f,  -  f  (1  -  — )  (2) 

B  Ri* 


where  Rig  «  g*  4/uc2  Is  the  bulk  Richardson  nuaber  of 
the  shear  zone  alone  and  Ri  *  1/4  itB  theoretical  (and 
experimental)  limit  value  for  turbulence  damping.  The 
assuaptlons  leading  to  Eq.  2  are  similar  to  those  for 
rapid-distortion  theory  (e.g.  Townsend,  1976),  namely  - 
in  the  present  case  -  the  buoyancy- turbulence  Interac¬ 
tion  Is  Instantaneous  while  the  effect  on  the  mean  flow 
field  is  delayed.  A  result  similar  to  Eq.  2  is  also  ln~ 
hsrent  in  Launder' s  (1975)  algebraic  stress  equation  for 
buoyancy-turbulence  interaction. 

Gradual  Piseortlon  of  Flow  Profiles:  The  ratio  Rlg/Rl* 
in  Eq.  2  can  also  be  seen  as  a  ratio  4/4,  where  4*  Is 
the  critical  shear  layer  thickness  that,  for  a  given  g* 
and  uc,  insures  stability.  As  long  as  the  flow  is  tur¬ 
bulent  the  actual  shear  layer  thickness  4  is  smaller  the 
4*,  but  tends  toward  It,  4  *  4*.  This  approach  is  con¬ 
sidered  in  two  asymptotic  stages:  (1)  Initial  stage, 

4*  i  b  >  4,  l.e.  the  deviation  froa  the  pure  jet  pro¬ 
file.  (11)  Final  stage,  h  >  4*  2  4,  l.e.  the  approach 
to  uniform  profile  with  a  thin  actached  shear  layer.  In 
each  of  these  stages  an  argument  similar  to  the  Monin- 
Obukhov  theory  In  atmospheric  boundary  layer  analysis  Is 
used  to  predict  an  Intensification  of  the  rate  of  strain 
of  the  motion.  Algebraic  matching  between  these  two 
limiting  cases  rssults  In 
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Combining  Eqs.  1,  2,  and  3  yields  che  complete  en¬ 
trainment  law 
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consisting  of  three  major  contributions:  (1)  a  »  ( —21 j / 
I3)  /0  f  df  Is  the  entrainment  constant  for  the  turbu¬ 
lent  non-buoyant  Jet  motion  (a0  •  0.06  based  on  direct 
volume  flux  zmasurements  or  on  the  above  Integration  of 
measured  Reynolds  stress  profiles).  (2)  The  first  par¬ 
enthesis  reprssents  the  modification  by  buoyancy  of  the 
turbulent  structure,  l.e.  Intensity  reduction  and  pro¬ 
file  distortion.  (3)  The  second  parenthesis  represents 
the  additional  work  against  the  longitudinal  pressure 
gradient  that  mist  be  done  by  the  flow  and  therefore  is 
not  available  for  turbulent  entrainment.  The  overall 
derivation  of  Eq.  4  from  the  mean  energy  equation  is  in 
line  with  Townsend's  (1970)  conclusion  that  the  entrain¬ 
ment  rate  'depends  on  overall  properties  of  flow,  in 
particular,  on  those  that  control  the  energy  balance'. 
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AGREEMENT  WITH  DATA 
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Different  deca  sources  have  been  analyzed.  Fig.  3 
gives  a  comparison  of  Eq.  4  with  Ellison  and  Turner's 
(1959)  data,  the  only  detailed  experiments  on  horizontal 
buoyant  jets  that  Include  measurement  of  the  mean  en¬ 
trainment  rate.  Also  included  In  Fig.  3  are  related  ex¬ 
periments  on  Inclined  plumes  or  horizontal  motions  In 
crossflow.  The  agreement  is  satisfactory  boch  In  trend 
and  magnitude. 


Fig.  3:  Entrainment  as  a  function  of  Richardson  number. 
Comparison  of  theory  and  experiments. 

The  behavior  of  Eq.  4  In  che  limiting  stages  Is  also  of 
Interest:  In  che  Initial  stage,  Rih  «  Ri*  <  1,  one  ob¬ 
tains 


<*/aQ  -  1  -  Rih/Ri,  -  (1  ♦  8Rlh)"1/2  (5) 

with  Ri*  -  1/4.  This  is  almost  identical  to  Hunk  and 
Anderson's  (1948)  expression  for  the  vertical  momentum 
cransfer  coefficient  in  weakly  stratified  flow  If  ws 
note  che  similarity  between  a  and  the  eddy  viscosity. 

In  the  final  stage,  Rl),  >  Ri*,  one  obtains 
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Fig.  4:  Observed  distortion  In  velocity  profile  as  a 
function  of  distance.  After  Rajaratnam  and 
Subramanyan  (1983). 

uniform  flow  with  an  attached  shear  layer  for  large  dis¬ 
tances.  In  particular,  the  solid  line  indicates  a  ratio 
4/h  .  1/4  which  Is  in  agreement  with  Eq.  7  since  at  this 
position  che  local  bulk  Richardson  number  Rl|,  »  1,  l.e. 
the  transition  to  the  mixing  layer  is  largely  completed. 
Similar  agreement  la  found  with  the  limited  observations 
by  Wilkinson  and  Wood  (1971)  and  Stefan  (1972). 

In  summary,  an  entrainment  model  la  presented  that 
predicts  both  the  reduced  entrainment  and  che  mean  pro¬ 
file  changes  that  occur  as  a  horizontal  jet  flow  collap¬ 
ses  Into  a  buoyant  mixing  layer.  Such  transitions  are  a 
feature  of  a  wide  class  of  buoyant  shear  flows  and  che 
model  eppears  applicable  in  these  cases.  Further  exten¬ 
sions  of  the  model,  to  incorporate  such  effects  as  boun¬ 
dary  slope  and  shear  Into  che  governing  equations,  and 
hence  Into  the  entrainment  formulation,  are  under  Inves¬ 
tigation. 
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Finally,  It  can  be  noted  that  Eq.  3  Implies  a  pro¬ 
file  distortion 
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l.e.  the  shear  layer  4  becomes  a  limited  fraction  of  the 
total  layer  depth  h.  This  distortion  feature  is  docu¬ 
mented  by  the  measurements  of  Rajaratnam  and  Subramanyan 
( 1983)  wtw  used  the  hydrogen  bubble  method  to  obtain 
sean  velocity  profiles  at  various  Jet  distances.  Their 
data  for  Rle  •  0.19  (F0  •  2.3)  are  shown  In  Fig.  3  and 
clearly  demonstrate  the  transition  from  a  Jet-Ilka  pro¬ 
file  for  short  normalized  distance*  x/(.hot0u,i)  to  a 
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ABSTRACT 

This  paper  introduces  a  one— dimensional  model  of 
katabatic  winds  in  opposing  flow  that  includes  advection 
affects  and  examines  the  consequences  of  using  empirical 
laboratory  relations  to  parameterize  entrainment. 

INTRODUCTION 

Two  components  of  mountain-valley  wind  systems  are 
slope  winds  driven  by  radiative  cooling  on  the  valley 
*dil*  «t  night  and  a  larger-scale  outflow  down  the 
valley  floor.  This  paper  deals  only  with  slope  winds, 
defined  here  to  be  local  winds  that  occur  on  large, 
homogeneous  slopes,  along  which  channelling  of  the  flow 
by  topography  is  not  a  dominant  influence.  In  parti¬ 
cular,  the  aim  is  to  axamine  the  derivation  of  existing 
one-dimensional  models  from  the  shallow  fluid  equations 
of  motion  and  to  extend  them  to  include  cases  in  which 
Che  retarding  effect  of  an  opposing  abient  wind  is 
strong. 

71>ia  work  resulted  from  questions  raised  during  a 
field  project  conducted  by  the  author  in  the  mountains 
along  the  coast  of  the  Gulf  of  Mexico  in  Veracruz  scace, 
Mexico.  A  regular  katabatic  wind  occurs  in  this  region 
in  the  stMer  months,  but  its  onset  time  it  in  the 
morning  hours,  sometimes  even  after  sunrise.  The 
sequence  of  profiles  in  Fig.  1  shows  chat  downalope 
motion  begins  just  after  0533  LST  and  subsequently 
chickens  until  the  surface  layer  becomes  unstable  by 
0800.  This  is  extremely  late  in  comparison  with  onset 
times  reported  at  many  other  placet  in  the  world 
(Atkinson,  1982).  (Aider  at  ending  this  phenomenon  has 
imeediate  application  in  the  formulation  of  schemes  to 
predict  the  ventilation  of  and  consequent  abatement  of 
nocturnal  pollutant  concentrations  in  cities  located  on 
slopes.  Two  qualitative  explanations  come  to  mind  for 
Che  lace  developaMot  of  the  katabatic  wind.  Firsc,  the 
downalope  wind  in  Veracruz  in  sieesr  is  opposed  by 
regular  easterly  trade  winds;  second,,  one  might  expect 
that  radiative  cooling  rates  in  the  htaid  environaent  of 
coastal  Mexico  to  be  leas  than  chose  in  midlatitude 
mountainous  areas.  Each  of  these  influences  would  delay 
Che  growth  of  the  katabatic  wind;  the  model  presented 
here  was  made  to  study  their  relative  importance. 

Manins  and  Sawford  (1979a, b)  argued  that  shear- 
induced  entrainment  of  air  into  the  top  of  a  katabatic 
layer  dominates  its  mass,  momentum,  and  thermodynmsic 
budgets.  In  prototype,  Che  flow  is  one-dimensional 
with  Archimedean  accelerations  downhill  being  opposed  by 
entrainment  and  frictional  effects  in  the  uphill 
direction.  It  appears  that  the  uncomplicated  nature  of 
this  prototype  makes  it  especially  suitable  for  compa¬ 
rison  with  laboratory  fluid  dynaaics  experiments. 


BULK  MODELS  OF  KATABATIC  HINDS 
Model  Presentation 

In  this  section  I  generalize  the  bulk  (integrated 
in  the  vertical)  theory  of  gravity  winds  in  the  boundary 
layer  by  adding  the  effect  of  an  ambient  wind. 

Ball  (1957)  found  katabatic  wind  equations  through 
analogy  with  open  channel  hydraulics.  Ellison  and 
Turner  (1959,  referred  to  as  ET)  showed  how  the  growth 
of  a  dense  layer  flowing  down  a  slope  could  be  under¬ 
stood  as  an  entrainment  problem.  Their  laboratory  ob¬ 
servations  led  to  an  empirical  relationship  between  the 
entrainment  rate  and  a  bulk  Richardson  number  defined  by 
the  flow.  Their  theoretical  formulation  of  the  en¬ 
training  gravity  current  formed  the  basis  for  the  sub¬ 
sequent  work  by  Smith  (1975)  on  deep  boundary  currents 
in  the  ocean.  Manins  and  Sawford  (1979a,  referred  to  as 
MS)  extended  this  approach  to  the  atmosphere  by  in¬ 
cluding  effects  of  msbient  stratification  and  cooling 
along  the  slope.  MS  created  their  bulk  model  by  inte¬ 
grating  the  equations  of  motion  up  to  a  constant  refe¬ 
rence  height.  This  contrasts  in  a  subtle  way  from  the 
second  method  in  which  the  equations  are  integrated  up 
to  a  variable  height. 

Coordinate  directions  are  down  a  slope  inclined  at 
angle  a  to  the  horizontal  (a  direction)  and  normal  to 
that  slope  (n  direction).  Assume  that  a  turbulent 
boundary  layer  exists  below  an  inviscid  ambient  flow, 
which  serves  as  a  reference  state.  Since  observations 
of  Manins  and  Sawford  (1979b)  show  the  gradient 
Richardson  msnber  to  be  small  near  the  top  of  the  kata¬ 
batic  layer,  it  is  reasonable  to  concentrate  on  turbu¬ 
lence  generated  within  the  katabatic  layer.  Additional 
model  assuoscions  are: 

(a)  The  incompressible  continuity  equation  holds. 

(b)  Flow  normal  to  the  slope  in  an  approximate 
hydrostatic  balance.  Mahrt  (1982)  shows  that 
this  requires  that  the  aspect  ratio  of  the 
flow  and/or  the  slope  angle  be  small. 

(c)  Coriolis  terms  are  negligible  and  there  is  no 
flow  parallel  to  the  slope.  Coriolis  effects 
play  a  role  in  flows  of  large  horizontal 
extent  at  relatively  high  latitudes  if  they 
last  long  enough  (Mahrt,  1982),  but  here  the 
emphasis  is  on  diurnal  development  along 
tropical  slopes.  Neglecting  cross-slope  winds 
eliminates  the  possibility  of  modeling  terrain 
channeling  effects  that  sometimes  influence 
katabatic  winds  (e.g.,  Manins  and  Sawford, 

1979b). 

(d)  Turbulent  entrainment  into  the  flow  is  a 
function  only  of  bulk  Richardson  nusbers 
characteristic  of  the  flow. 


I  writ*  wind  components  in  the  boundary  laytr  at 
u  ♦  ua  (down  Cha  slope)  and  w  +  wa  (normal  Co  Cha 
alopa),  where  u  and  w  are  relative  vinda  and  subscript  a 
denotes  an  ambianc  value,  and  subtract  a  aceady  mnbient 
women  cm  equation  from  the  boundary-layer  shallow  slope 
flow  solution  given  by  Mahrt  (1982). 

Bulk  models  of  katabatic  winds  result  from  inte¬ 
grating  the  basic  equations  from  Che  surface  to  the  cop 
of  the  boundary  layer  h(s,c)  (as  in  Zaman,  1982,  re¬ 
ferred  to  as  Z82) ,  or  to  a  constant  height  at  which  the 
effaces  of  the  flow  are  negligible,  H  (as  in  NS).  In 
the  former  case,  I  define  h  to  be  the  level  at  which  the 
wind  speed  and  temperature  are  effectively  the  same  as 
ambient  conditions,  and  turbulent  heat  and  nomen tm 
fluxes  are  negligible.  In  practice,  one  can  set 
criteria  to  define  h  baaed  on  the  percentage  deviation 
of  a  quantity  from  its  ambient  value. 

One-dimensional  models  derived  by  vertical  inte¬ 
gration  of  the  basic  equations  described  the  evolution 
of  average  boundary  layer  properties.  The  distinction 
between  the  two  integration  methods  occurs  both  in  the 
definition  of  average  properties  and  in  the  presence  of 
terms  chat  result  from  applying  Leibnitz*  rule.  Defi¬ 
nitions  of  these  averages  (Table  1)  are  different  for 
che  two  integration  techniques.  The  pressure  gradient 
force  appears  in  che  integrated  model  as  the  twice- 
integraced  form  (MS,  Mahrt,  1982): 


h  or  H 

/  dn  /  h 


'  d  eosa)  dn* 


mid  related  to  the  bulk  scales  by  definition  f) , 

Teble  1.  Variable  d  is  che  deviation  of  the  potential 
temperature  in  the  katabecic  layer  from  its  ambient 
value.  Mote  chat  the  definition  of  h  in  the  coustant-H 
integration  method  results  from  simultaneous  solution  of 
definition  s)  for  Oh  and  definition  b)  for  trh,  equi¬ 
valent  to  setting  momenta  and  displacement  thicknesses 
equal.  In  the  Leibnitz  model,  definitions  of  average 
quantities  ere  more  conventional.  With  the  exception  of 
SD>  the  shepe  factors  in  Table  1  are  normally  <  1  in 
realistic  situations,  equalling  one  in  well-mixed  flow. 
Here  Sj  -  0.8  and  Sq  -  1.4,  values  appropriate  to 
Che  vertical  structure  given  by  Prsndtl's  (1952)  solu¬ 
tion  and  let  Sx  ■  0.5  as  in  MS.  The  magnitude  of  these 
parameters  in  real  atmospheric  flows  is  not  yet  mil 
established.  Additional  observations  must  be  made  to 
improve  these  estimates. 

The  integrated  continuity  equation  illustrates  an 
important  distinction  between  the  tw  methods.  A  defi¬ 
nition  for  the  growth  of  the  boundary  layer  top  height 
is  (Z82): 

he  ♦  u^h^  ■  w,  *  we  (2.1) 

where  wa  is  Che  abienc  vertical  velocity  at  h  and 
w,  describes  the  growth  of  the  boundary  layer  through 
turbulent  entrainment.  If  the  model  is  made  by  inte¬ 
grating  aquation  to  the  constant  height  H, 


The  incompressible  flow  continuity  equation  is  inte¬ 
grated: 

h  h 

J  (u  *  u  )  dn  *  /  (w  *  w  )  dn  *  0  (2.3) 

0  *  *  0 

For  integration  to  variable  h,  (2.6)  and  (2.8)  sun  to 
produce: 

hc  ♦  [(U  ♦  u4)h)f  •  v#  (2.4) 

Integration  to  constant  H  leads  to: 

(Uh)g  -  vg  (2-5) 

When  u,  •  0  end  at  steady  state,  the  continuity 
equations  are  identical,  but  (2.5)  is  not  correct  when 


ua  is  not  zero.  In  the  following  equations,  setting 
Si  -  Su  “  1  and  omitting  underlined  terms  recovers 
che  formulation  of  MS.  Secting  %  *  1  gives  che  formu- 
lacion  using  the  variable  height  integration.  In  the 
well-mixed  limit,  the  left  sides  of  these  equations  are 
equivalent  to  those  of  Z82.  Underlined  terms  result 
from  use  of  the  Leibnitz  rule. 

(h&)£  ♦  [hA(S^U  ♦  ugHg  ♦  UhN2(sina  -  SgEcosa)  -  wg64 

'  Tc~e —  [rh  *  *o  -  V  5  8  (2-6»> 

r  p  vr 

(Uh)t  +  [Uh(SuU  +  ug)]g  -  wgUg  (2.6b) 

■  -  -j  (Sjh  A  cos  a)g*  SjhA  sin  a  +  (rh  -  T„)/pr  , 

where  and  Rg  are  che  contribution  to  the  buoyancy 
deficit  h£  due  to  radiative  fluxes  at  h  and  at  the 
surface;  Qg  is  che  surface  layer  temperature  flux,  tg  is 
the  surface  layer  stress,  c„  is  the  specific  heat  of 
air  at  constant  pressure  and  4a  =  gd/8r  evaluated  at 
h.  The  temperature  and  momentum  fluxes  and  the  buoyancy 
deficit  at  the  upper  level  are  assiaaed  zero.  Except  in 
Section  4(a),  the  definitions  of  h  and  H  imply  chat  che 
turbulent  stress  at  boundary  layer  top,  t„,  is  zero. 
Formally  and  intuitively,  the  Leibnitz  approach  is  pre¬ 
ferable  to  the  constant  H  approach,  especially  when 
ambient  wind  effects  are  being  considered.  The  net 
effect  of  cooling  along  the  slope  is  included  in  a  para¬ 
meter  B,  defined  in  (2.6a),  and  held  constant  here. 

To  cloae  the  equations,  the  boundary  fluxes  of  heat 
and  momenttaa  must  be  related  to  the  state  variables. 

For  steady  solutions  the  model  employs'  a  quadratic  drag 
formulation  with  a  constant  drag  coefficient  for  the 
surface  stress: 

—  -  u2  -  (L-OJ  *  u  >2sign(U  +  u  )  .  (2.7) 

Pr  u  a  a 

Manins  and  Sawford  (1979b)  suggested  that  surface  stress 
is  not  a  critical  control  on  katabatic  flows. 

Entrainment  of  air  with  ambient  momentum  leads  to 
an  effective  stress  in  the  katabatic  layer.  Moving  the 
second  term  on  the  left  in  (2.6b)  to  the  right  leads  to 
several  terms,  one  of  which  is  -U[(S;jU  +  ua)h]s. 

Using  (2.5)  and  writing  we  •  EU,  this  leads  to  a  term 
-waU  -  -Elf,  an  effective  retarding  stress.  If  one 
uses  the  constant-H  result  (2.5)  this  stress  term  is 
-E(U+ua)U,  leading  to  zero  effective  stress  when 
U  -  -u„,  a  time  at  which  che  stress  should  be  large. 
Thus,  rigorous  application  of  the  constant  H  integration 
leads  to  a  model  that  is  wrong  when  there  is  opposing 
flow.  It  is  interesting  to  note  that  ET  stated  che 
correct,  steady  form  of  (2.4)  in  their  paper,  chough 
they  gave  no  derivation. 

Bulk  models  require  specification  of  the  entrain¬ 
ment  rate  of  ambient  air  into  the  gravity  current. 
Deardorff  and  Willis  (1982)  review  work  that  demon¬ 
strates  Chat  the  entrainment  race  depends  on  che  velo¬ 
city  jump  at  the  cop  of  the  layer  and  also  on  the  shear 
stress  at  a  nearby  surface.  Z82  noted  chat  entrainmenc 
formulas  presented  thus  far  apply  to  specific  situations 
and  geometries  only.  He  presented  an  interpolation  for¬ 
mula  that  applies  both  to  convective  and  stable  situ¬ 
ations.  Deardorff  (1983)  has  made  an  entrainment  formu¬ 
lation  that  has  the  correct  behavior  in  certain  asymp¬ 
totic  situations.  Tennekes  and  Lumley  (1972)  indicate 
that  che  neutral  value  of  the  entrainment  rate  should  be 
near  0.3  u*,  a  limit  approached  by  the  Z82  and  Dear¬ 
dorff  (1983)  entrainment  relations.  Zeman’s  formula  was 
based  on  analysis  of  the  mean  kinetic  energy  equation, 
and  entrainment  due  to  shear  in  the  outer  of  two  layers 
was  modeled  using  an  eddy  viscosity.  This  eddy  visco¬ 
sity  depends  directly  on  ua,  a  feature  that  makes  the 
Z82  formula  inapplicable  here.  When  a  wind  initially 
moving  uphill  reverses  as  a  slope  wind  develops,  u* 
passes  through  zero  but  shear-induced  encrainment  may  be 
large  at  this  time.  Deardorff’s  (1983)  encrainment 
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parameterization  if  butd  on  eh*  density  fluctuation  and 
turbulant  lunatic  energy  budgets.  This  achaaa  ralacaa 
tha  encrainaent  rata  to  Richardson  mabers  baaad  on  tha 
convective,  atraaa,  and  ahaar  velocity  acalaa,  respect¬ 
ively.  Bara,  convective  affacta  ara  ignored  and  only 
Lf  *  hA/u*2  and  Ri  *  hA/U2  ara  conaidarad.  Thia 
parameterization  was  cuaad  with  tha  aurfaca  jat  aeasure- 
aanta  of  ET  in  tha  liait  whara  antrainaant  ia  dominated 
by  ahaar- indue ad  turbulanca.  It  provides  a  aaooth  way 
to  aowa  froa  tha  ragiaa  whara  nixing  ia  doainacad  by 
atraaa  affacta  and  to  tha  ragiaa  (Rj  large,  ti  aall) 
where  aixing  ia  done  priaarily  by  ahear-induced 
affacta.  Deardorff'a  relatione  for  antrainaant  aa  a 
function  of  and  Si  are  ehown  ia  Fig.  2.  Mien  ST 
ia  large,  aa  would  be  tha  caaa  in  tha  developed  kata¬ 
batic  flow,  thia  relacion  indicatee  that  there  ia  negli¬ 
gible  entrainaenc  when  Si  >  0.8.  MS  uaad  tha  fora: 

w^  «  ED  (2.8a) 


with  A,  C,  and  Sj  choaan  to  agree  with  tha  laboratory 
data  given  in  ST  for  inclined  pluaee.  Deardorff'a  fit 

waa  done  ao  that  the  antrainaant  at  Ri  •  0  would  agree 
with  wall  jat  valuea.  In  thia  application,  tha  antrain¬ 
aant  when  d  *  0  ia  due  to  aurface  atraaa  affacta  and  not 
to  ahaar  affacta.  Mian  RT  ia  large,  either  tha  MS 
relation  or  tha  Deardorff  one  agreaa  aatiafactorily  with 
the  laboratory  reaulta  of  ET.  Since  there  ia  a  good 
deal  of  acatter,  new  aeaauraaenta  would  iaprove  tha 
antrainaant  eatinate.  However,  only  tha  Deardorff 
achaaa  waa  deaigned  to  be  in  accordance  with  data  at  the 
aaall  Si.S^  liait.  For  ateady  flowa  &T  will  be 
large,  and  I  preaent  reaulta  uaing  the  MS  method.  The 
MS  achaaa  haa  the  advantage  of  being  analytic.  The 
iterative  achaaa  in  Deardorff'a  method  ia  ciaaberaoae 
when  implemented  in  the  model.  Sample  comparisons 
between  the  two  aathoda  are  presented  later. 


It  if  useful  to  preaent  the  equations  in  nondiaen- 
aional  fora  baaed  on  a  baac  scaling  distance  sr  and 
uaing  the  aabient  wind  to  scale  velocities.  The  model 
equations  in  nondiaensional  fora  are: 

h  *  [(U  ♦  u  )hl  »  w  (2.9a) 

t  L  a  Ji  e 

(hd^  ♦  [(g  0  *  JJ  )hdj  ♦  C2(l  -  C3E)Oh  «  B  (2.9b) 
(Oh) ^  *  [Uh(SgO  ♦  u<)]f  -  wgu4 

■  -|c  (h2d)<  *  hd  -  tq  (2.9c) 


4,  in  (2.6a)  ia  assumed  aero  for  convenience.  Sub¬ 
sequently,  diaensional  variables  will  be  denoted  by  the 
superscript  asterisk.  Thia  nondiaensional  fora  reaoves 
the  explicit  appearance  of  the  slope  angle  chough  such 
dependence  ia  contained  in  C.  One  can  interpret  solu¬ 
tions  using  either  MS  scaling  or  the  one  based  on  slope 
distance  und  the  aabient  wind  speed.  Sample  valuea 
illustrate  the  aabient  wind  scaling:  If 
|ua|  -  10  a  s'1  (uphill),  a  •  3*,  and  sr  ■  10  taa, 
then  the  height  scale  ia  200  m,  the  sntrainaent  scale  ia 
0.02,  and  a  nondiaensional  cooling  rate  B  •  0.23  cor¬ 
responds  to  cooling  of  2  K  h*1  over  100  a.  The  size  of 
Che  scaling  for  cooling  depends  strongly  on  the  aabient 
wind.  If  ua  *  5  a  a-1,  the  nondiaensional  cooling 
rata  equal  to  one  corresponds  to  cooling  of  1  K  h~l  over 


100  a. 


In  this  paper  I  set  C2  ■  0,  restricting  to  neutral 
stability,  or  to  the  situation  in  which  the  adveccive 
time  scale  (r9)  ia  much  shorter  chan  the  Brunt-Vlialll 
period  (r^/Tp  «  1),  and  asaitfc  that  the  aibienc 
wind  apeed  ia  constant.  In  the  acaled  aquations  this 
means  chat  ua  *  -1,  0,  *1  refers  to  aabient  flow  down¬ 
hill,  zero,  and  uphill,  respectively. 


STEADY  SOLUTIONS 

Description  of  the  ultiaate  steady  state  the  system 
(2.6)  and  (2.6)  approaches  ia  preliminary  to  studying 


Che  development  time  of  the  katabatic  wind.  Mien  thia 
ciae  is  short,  steady  solutions  are  important  in  their 
own  right.  Typically,  authors  (MS;  Mahrt,  1982) 
classify  types  of  steady  solutions  based  on  bulk 
Richardson  or  Froude  ntznber  criteria.  With  an  ambient 
wind,  the  shear-based  Richardson  mzaber  is  not  identical 
Co  Che  Froude  mzaber,  and  the  criteria  are  changed.  In 
this  section  I  discuss  general  types  of  sceady  solutions 
of  (2.11)  and  show  how  previous  solutions  by  ET  and  MS 
are  special  cases. 

Solutions  presented  in  this  section  apply  only  if 
entrainuenc  is  a  function  of  Ri  alone,  requiring  in  the 
Deardorff  foraulation  that  Sr  be  large.  Using  the 
steady  fora  of  the  model  equations  and  Che  definition  of 
Ri,  one  can  generate  an  expression  for  the  change  of  Ri 
along  cbe  slope. 

Solutions  of  the  steady  equations  are  degenerate 
along  the  line  where  2Ri/3s  is  undeterainate.  Tha  de¬ 
generacy  is  often  related  to  a  Froude  mzaber  (Mahrt, 
1982),  here  defined  as: 

u  2 

Fr  •  (1  *  -ji)  Ri'1  (3.1) 


The  inverse  of  this  Froude  number  is  the  same  as  the 
shaar-baaad  bulk  Richardson  maber  when  there  is  no 
aabient  wind.  Recall  that  Fr  coapares  the  interfacial 
wave  speed  to  the  flow  speed;  Ri  determines  the  amount 
of  entrainsMUt  occurring.  The  degenerate  condition 
forma  tha  boundary  between  two  types  of  sceady  flow 
regimes,  called  ''shooting"  and  ''tranquil''  respectively, 
in  analogy  with  the  hydraulic  jtap  Froude  number  con¬ 
ditions  (Ball,  1957;  ET).  When  there  is  an  aabient 
wind,  this  condition  is: 


2(U/u#  ♦  2)  SD  *  u^/U 


U/u  *1 

*  D/u« 


When  the  flow  is  well-mixed  (Sn  •  Sa  •  1)  and  the 
scaled  ua  “  -1,  the  critical  criterion  is: 


CRi  -  (1  -  if 


Steady  shooting  flows  moving  downhill  (U  >  1)  can  occur 
only  for  relatively  aaall  values  of  CRi.  Shooting  flows 
moving  uphill  occur  only  for  relatively  small  values  of 
U. 


The  quantity  in  square  brackets  on  the  left  side  of 
(2.11b)  is  the  buoyancy  deficit  flux  in  the  katabatic 
layer.  Calling  this  flux  F,  and  integrating  the  re¬ 
lation  results  in: 

F  i  [(S^U  ♦  ua)hi]  -  Bs  *  Ffl  (3.3) 


where  F0  is  the  value  of  F  at  the  beginning  of  che 
slope.  When  B  *  0,  the  flux  is  constant,  end  che 
modeled  situation  is  akin  to  that  in  laboratory  experi¬ 
ments,  where  e  constant  source  oc  heavy  sale  solution  is 
injected  into  a  fresh-water  flow  at  a  point.  Because 
che  source  of  negetive  buoyancy  driving  che  flow  is 
external  to  processes  on  che  slope,  one  may  call  che 
B  *  0  liait,  drainage  flow.  When  F  *  0  and  B  *  0,  che 
katabatic  wind  is  produced  along  che  slope  and  one  may 
call  this  liait,  slope  flow.  Since  che  steady  equations 
are  three  ordinary  differential  equations,  their  solu¬ 
tions  may  be  presented  in  s  phase  space  of  chree  vari¬ 
ables.  It  is  convenient  here  to  choose  CRi  as  one  axis, 
constructing  a  phase  space  with  axes  CRi,  U,  and  Uh,  the 
latter  knowt  as  "discharge"  in  ordinary  hydraulics. 
Subsequent  discussion  features  che  phase  plane  CRi 
vs  U.  For  the  remainder  of  chis  paper  I  set  C  to  0.11, 
corresponding  to  e  5*  slope.  The  boundary  between 
shooting  and  cranquil  flow  (3.2)  is  shown  on  the  phase 
plane  in  Fig.  3.  When  ua  •  0,  this  boundary  is  CRi  * 

Su,  corresponding  Co  che  tunic  U/ua  -  Note  chat 
che  form  of  che  boundary  when  ua  *  0  depends  on  che 
shape  factors.  When  <  l,  chare  ere  two  branches  of 
shooting  flow.  Shooting  flows  chat  move  downhill  are 
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restricted  for  che  most  pare  to  mall  valuas  of  CRi.  An 
e*Rortaae  faatura  of  eha  solution  typo  boundary  when 
SA  <  1  is  that  staady  shooting  flows  sra  not  sllowad 
naar  tha  stagnation  point  (0  ■  |ua|),  raflacting  tha 
fact  that  tha  flow  spaad  cannot  excend  tha  wava  apaad  if 
tha  flow  is  nearly  stagnating.  Bacausa  eha  flow  spaad 
i*  saallar  than  eha  gravity  wava  spaad,  tranquil  flows 
ere  subject  to  downs traaa  control.  Tranquil  flows  in  an 
aabiant  wind  are  not  characterised  necessarily  by  snail 
entrainaant  and  large  h,  aa  Mahrt  (1982)  noted  when 
“a  m  *b*n  tha  flow  stagnates,  tha  Froude  nuabar 
goes  to  saro,  but  Ri  nay  still  be  snail  enough  to  allow 
appreciable  encraimane.  Linas  of  constant  buoyancy 
deficit  flux  (3.3)  are  alto  shown  on  eha  phase  plana. 
Drainage  flown  occur  along  a  given  isoline;  slope  flows 
cross  isoliaet  aa  cooling  causes  eha  buoyancy  deficit  co 
increase. 

Staady  Slope  Flow  with  Local  Cooling  (I  »  0,  n,  *  0), 

MS  presanead  analytic  solutions  of  (2.14)  for  u„  ■ 

Cs  *  0.  Solutions  with  constant  Richardson  niaber  along 
tne  slope  are  possible.  For  CRi  >  1  ("tranquil  flow") 
they  found  eha  staady  solutions  to  be  unstable  to 
spatial  inhomogeaeicies.  Tha  flow  stagnatas  aa  the 
pressure  gradient  force  due  co  the  increasing  thickness 
of  the  boqndary  layer  balances  the  downtlope  Archimedean 
force.  Bntrainaent  effects  are  small  for  tranquil  flow 
situations  when  ua  “  0,  shown  by  MS  to  refer  to  flows 
oo  slopes  of  small  angles.  For  CRi  <  1  ("shooting 
flow")  the  solutions  are  stable.  Trajectories  of  their 
solutions  approach  horisootal  lines  on  the  phase  plana. 


ft 


IV 


sibla.  However,  if  U  increases  along  the  slope,  (3.2) 
indicates  that  in  an  ambient  wind  the  solution 
approaches  the  slope  Ri  found  by  MS  when  ua  *  0,  but 
this  limit  swy  occur  very  far  down  the  slope.  Pure 
slope  flow  (F  •  0)  is  only  possible  if  Ri  -»  0  aa  s  +  0. 
Trajectories  of  steady  solutions  for  constant  mabiene 
wind  uphill  (scaled  ua  *  -1)  are  shown  in  Fig.  4  for 
given  initial  conditions  and  several  values  of  Che  bulk 
cooling  race,  B.  Examples  A  and  E  in  Fig.  4  refer  co 
flows  in  motion  at  the  top  of  a  slope.  At  soma  diatance 
along  a  slope,  cooling  causes  deceleration  that  makes 
all  uphill-moving  solutions  critical  (Exaaple  A) . 

Example  E  describes  a  downhill-moving  flow  for  which 
entrainment  effects  causa  deceleration  going  down  the 
slope.  The  flow  has  coo  much  moment  us  initially,  but  it 
approaches  the  equilibrium  solution  for  flow  with  no 
initial  momentum  in  one  distance  scale.  This  is  an 
example  of  combined  drainage  and  slope  flow.  One  easily 
can  integrate  the  steady  equations  given  an  initial 
buoyancy  deficit  flux  at  soma  part  of  the  slope,  but 
these  examples  describe  layers  that  have  momentum  aa 
they  enter  or  leave  the  slope.  I  discuss  types  of 
steady  solutions  the  flow  approaches  starting  from  a 
neutral  state  when  one  specifies  only  the  slope  and  a 
cooling  race  (Examples  B,  C,  and  D)  below. 
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TRANSIENT  SOLUTIONS 

Now  I  consider  transient  solutions  co  address  the 
questions: 

(1)  How  long  does  it  cake  for  the  katabatic  vind 
co  develop  in  opposing  flow? 

(2)  Under  what  circuastances  do  advective  effects 
dominate  che  solutions? 

(3)  What  type  of  steady  solutions  evolve  from  an 
initially  neutral  ups lope  flow  subjected  to  cooling? 


It  is  convenient  to  rewrite  (2.13)  in  advective 


form: 


hO 


(4.1a) 

B  ♦  v  ( S  -  4)  ♦  4l(l  -  S,)Uh]  J/h  (4.1b) 

C  I  o  1  * 


h„  ♦  (U  *  u  )b  •  w 

c  a  s  c 

A,  ♦  (S,U  *  u  )  A  • 

t  Q _ ■  1 


°t  *  <v»  *  »a>°. 


A  ♦  T. /h  -  (C_/E  )(U  *  u  )2/h  -  i  ChA.  -  cAh 

n  u  n  m  L  m _ | 


♦  {Vua  *  D)  *  °t(l  *  VUhlJ/h  (4.1e) 


where  underlined  terms  contain  s  derivatives . 

Constant  Thickness  Transient  Solutions  Along  a 
Homogeneous  Slope 

If  h  is  constant,  (4.1a)  indicates  chat  there  is  no 
entrainment.  To  model  che  stress  effect  of  mubient 
winds  on  the  momentum  balance  in  che  katabatic  layer,  we 
must  consider  che  tangential  stress  at  h.'tt,.  This 
stress  is  sero  according  to  the  definition  of  h  used  in 
all  ocher  sections  of  this  paper.  However,  if  h  cannot 
vary,  one  can  expect  some  turbulence  at  that  level,  and 
hence,  a  nonzero  tj,.  Mahrt  (1982)  has  also  suggested 
that  not  all  stress  effects  in  the  katabatic  layer  need 
be  associated  with  mass  entrainment.  I  write  tt,  * 
eU2,  with  e  being  a  general  momentum  exchange  coeffi¬ 
cient,  and  also  replace  the  surface  drag  coefficient 
Cj)/Em  in  (4.1)  with  e,  a  simplification  introduced 
to  facilitate  an  analytical  solution  of  a  simple  model 
that  has  basic  properties  of  opposed  katabatic  flow. 
Underlined  terms  in  (4.1)  drop  out  by  the  homogeneity 
asamption  and  (4.1a)  becomes  A  *  (B/h)t,  assuming  that 
A  »  0  at  the  initial  moment.  The  momenew  equation 
(4.1c)  reduces  co: 

Uc  «  (B/h)t-(e/h)(U*ua)2sign(U+ua)-(e/h)U2  (4.2) 

This  simplified  model  now  resembles  the  layer  model  of  A 
(Defant  1933,  in  F.  Defant,  1949).  Consider  a  situation 
vith  msbienc  wind  uphill  (ua  <  0)  with  U(t-0)  -  ua/2 
corresponding  co  an  initial  steady  state.  Define  Cf 
to  be  the  time  required  for  the  flow  to  stagnate 
(U  *  ua  *  0),  a  lower  estimate  for  the  onset  time  for 
the  katabatic  wind.  If  t  •  0, 

tf  ■  (-u#h/B)1/2 

For  a  5  degree  slope  (see  Table  2)  with  ua  *  -10  ms'1 , 
h  -  100  a,  and  B  •  2.5  *  10~3  m2s*3,  tf*  is  sbout  20 
minutes,  consistent  with  che  observation  that  che  onset 
occurs  shortly  after  sunset  if  ambient  wind  stress 
effects  are  small.  If  e  *  0,  tf  is  determined  by  che 
solution  of 

tj  -  exp[2ua(E/h)t]  +  (2ua(e/h))_1 

-  ua2(e/h)(B/h)-1  -  0  (4.3) 

When  tf  »  [2  ua(e/h)]_1,  the  asymptocic  solution  is 

tf  •  ua2(e/h)(B/h)-1  -  [2  ua(e/h)]-1  (4.4) 

Solutions  of  (4.3)  and  (4.4)  plotted  on  the  B/h  versus 
e/h  plane  in  Fig.  4  indicate  that  if  e/h  >  0.5,  (4.4)  is 
a  good  approximation.  Only  small  relacive  cooling  rates 
combined  with  a  large  stress  coefficient  can  result  in 
large  values  of  tf. 

If  h*  •  50  m,  u  *  *  -5  m,  and  B*  ■  5  x 
10“**  m2s'3  (0.5  K  h~"  over  100  m) ,  the  stagnation  time 
tf*  can  reach  5.5  hours  with  stress  coefficient 
e*  ■  3.6  x  10“  ,  more  than  a  hundred  times  larger  chan 
che  value  (3  x  10“4)  assimed  for  che  surface  bulk  drag 
coefficient . 

Transient  Solutions  with  Entrainment  Along  a  Homogeneous 
Slope 

When  h  is  constant,  Fig.  4  gives  the  conditions 
needed  to  produce  large  values  to  tf,  but  gives  no 
indication  how  to  choose  the  stress  coefficient  e.  Can 
such  large  stress  effects  at  h  result  from  the  entrain¬ 
ment  described  in  the  laboratory  experiments  of  ET? 
Return  to  the  previous  definition  for  h,  i.e.,  che  level 
at  which  [>  o  and  temperature  fluxes  vanish,  allow 
entrainment,  and  retain  che  assimptioo  of  homogeneity 
along  the  slope.  I  solved  the  model,  now  (4.1a,b,c), 
omitting  the  underlined  terms,  as  a  standard  sec  of 
ordinary  differencial  equations,  assiming  6(0)  *  0, 
h(0)  ■  0.3,  and  U(0)  to  be  the  small  value  determined  by 
reauirina  the  initial  momentua  balance  co  be  steady. 
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Hot*  chat  shape  factors  sr*  irrelevant  in  chis  case  and 
Chat  information  shoot  th*  slop*  angle  enters  only 
through  th*  entrainaMnt  scaling  paraaacar,  EM. 

Solutions  for  Cf  as  a  function  of  B  (Fig*  9)  indicate: 
(1)  That  th*  Deardorff  entraiMent  method  gives  only 
slightly  larger  values  chan  the  MS  method,  and  (2)  that 
for  B  <  0.2,  t f  can  b*  quite  large.  Th*  reciprocal 
relation  between  tj  and  B  found  for  the  constant  h 
case  (4.4)  continues  to  hold. 

In  dimensional  terms,  t*  ■  sr/ua  and 
g*  -  ua3.  Thus,  increasing  ua  at  constant 
cooling  rat*  makes  nondimensional  B  Mall,  making  tf 
potentially  large.  For  th*  5  degree  slope  case  in 
Table  2,  B  “  0.8,  corresponding  to  a  cooling  rate  of 

2  *  h_l  over  100  a  when  u*a  -  -5  m  s~*.  leads  to 

Cf*  *  1.1  hours,  but  if  u*a  “  “10  n  s"3,  the 
asm*  cooling  rate  leads  Co  B  *  0.1  with  tf  “  2.8 
hours. 

Transient  Solutions  with  Entrainment  and  Advection 

Advection  of  lower  momentua  from  uphill  establishes 
the  balance  that  determines  th*  steady  solutions  dis¬ 
cussed  earlier,  indicating  that  conditions  at  the  top  of 
the  slope  are  important  to  the  final  steady  solution  all 
along  th*  slop*.  Transient  solutions  with  no  advective 
effects  do  not  approach  a  steady  scats.  Solutions  that 
include  both  effects  presented  in  this  section  allow  one 
to  determine  when  and  where  each  effect  is  most  im¬ 
portant.  Th*  model  used  is  now  (4.1a,b,c)  including  all 
terms. 

The  system  of  model  equation*  is  hyperbolic,  and  in 
principle  may  be  solved  by  the  method  of  character¬ 
istics.  Because  of  the  presence  of  Che  pressure 
gradient  term  due  to  th*  changing  dapch  of  th*  flow,  the 
characteristics  are  not  simply  described  by  Che  respect¬ 
ive  advection  velocities  for  each  variable.  (Note  chat 
when  th*  sharp*  factor*  ere  different  fro*  one,  the 
advection  velocities  are  different  for  D,  h,  and  A).  X 
solved  (4.1)  in  finite-difference  form,  using  the 
positive-definite  advection  scheme  with  Mall  implicit 
diffusion  described  by  Smolarkewiec*  (1983). 

The  initial  conditions  for  all  model  calculations 
presented  below  are  h  *  0.3,  0  ■  0.05,  and  &  *  0.  This 
value  of  0  makes  the  flow  steady  initially  with  a 
balance  between  th*  pressure  gradient  force  chat  drive* 
the  uniform  ambient  velocity  and  surface  acres*  that 
results  from  asstaing  that  the  drag  coefficient  Cp  is  - 

3  x  10"*.  Although  chis  initial  value  of  h  is  necessa¬ 
rily  arbitrary,  it  is  small  compared  to  solutions  that 
develop  after  several  time  units.  Since  A  *  0  at  the 
start,  the  tiam  referred  to  may  be  compared  to  the  time 
after  sunset  in  th*  actual  situation. 


period  in  which  the  contours  are  approximately  hori¬ 
zontal.  The  speed  with  which  information  abouc  the  top 
of  the  slope  progresses  down  the  slope,  defined  here 
arbitrarily  as  the  time  at  which  the  contours  of  U  + 
ua  are  at  45*,  it  approximately  3.5,  3,  and  2  units  of 
ua  for  B  equal  to  0.5,  1,  and  2,  respectively.  The 
solutions  after  ten  time  units  are  plotted  on  Che  phase 
plane  in  Fig.  5  (Cases  B,  C,  and  D).  Note  that  the 
equilibria  being  approached  in  each  case  is  tranquil,  ' 
and  that  solutions  fall  nearly  along  the  sm  line. 

Three  time  characteristics  of  Che  katabatic  wind 
may  be  defined  using  the  model  solutions:  (1)  the  time 
tt  required  for  the  flow  to  reverse  and  begin  to  move 
dovnhill  (identified  by  Che  zero  contour  of  U  *  ua) , 

(2)  Che  time  t2  required  for  the  flow  to  reach  approxi¬ 
mate  equilibria  (when  all  variable  contours  are  appro¬ 
ximately  vertical),  end  (3)  the  time  t3  required  for  a 
parcel  originally  moving  uphill  to  recurn  to  its  ori¬ 
ginal  starting  point  (when  the  trajectory  crosses  the 
original  s).  The  time  t3  is  relevant  to  the  problM  of 
predicting  pollutant  concentration  on  the  slop*.  The 
smse  air  returns  to  peas  over  a  source  some  hours  later 
when  motions  parallel  to  the  slope  are  not  important, 
though  concentrations  might  be  reduced  because  of 
boundary  layer  growth  in  the  interim.  For  exMple,  with 
B  ■  0.5,  a  parcel  initially  at  s  •  1.9  returns  there 
about  can  time  units  later  and  the  flow  speed  is  very 
Mall  along  the  slope  above  the  point.  On  a  5*  slop* 

20  km  long  with  an  opposing  Mbient  wind  of  5  a  s-1 ,  a 
dimensionless  cooling  race  0.5  correaponds  to  cooling  of 
1  K  h"1  over  100  m,  a  reasonable  estimate  for  the  situ¬ 
ation  in  Veracruz  mentioned  in  Section  1.  Since  the 
time  unit  ia  abouc  1.1  hours,  a  delay  in  Che  onset  of 
downslop*  motion  of  4  to  8  hours  caused  ay  the  retarding 
effect  of  the  ambient  wind  is  predicted  by  th*  model,  in 
rough  agreement  with  obaervations.  Fresiaaably,  the 
variation  of  onset  time  could  be  related  to  variation  in 
ambient  wind  strength.  As  th*  cooling  rate  is  in¬ 
creased,  as  sight  he  expected  in  midlatitudes,  the  re¬ 
versal  would  occur  very  quickly. 

Reversal  time  tt  is  a  strong  function  of  Che 
cooling  rate.  With  the  large  cooling  rate  B  -  2,  re¬ 
versal  occurs  at  points  along  the  slope  for  s  >  0.5  is 
less  then  one  time  period.  For  B  *  0.5,  the  flow  does 
not  reverse  for  s  <  0.5  even  after  ten  time  units,  and 
for  s  >  0.5  reversal  occurs  after  three  to  Can  time 
units. 

The  equilibria  adjustment  time  t2,  from  4  to  8 
time  units  (see  Fig.  8),  is  Mailer  for  h  and  U  chan  for 
A.  As  the  cooling  rate  increases,  Che  adjustment  toward 
the  advectively  determined  steady  solution  occurs  nor* 
rapidly,  and  Che  A  gradient  becoaes  concentrated  near 
tme  top  of  the  slop*. 


Result*  found  using  the  two  alternative  entrainment 
par  aMteri  see  ions  discussed  earlier  indicate  that  th* 
main  difference  between  th*  solutions  is  that  the  total 
affect  of  entrainment  using  th*  Deardorff  form  is  larger 
chan  when  using  th*  MS  form.  This  must  occur  through 
enhanced  entrsinmeot  in  th*  early  stages  of  th*  inte¬ 
gration,  sine*  Rr  is  quit*  large  near  th*  end.  Sub¬ 
sequent  results  preMnted  us*  the  MS  entrainment  form. 
Development  timet  for  th*  katabatic  wind  would  be 
slightly  larger  if  eh*  Deardorff  method  were  used. 

As  eh*  cooling  ret*  B  is  increased,  the  modeled 
wind  reverses  direction  more  quickly.  Contours  of  Che 
variable  magnitudes  on  time-slop*  distance  diagrM* 
illustrate  th*  dependence  of  the  solutions  on  B.  For  0 
*  u.  (Fig.  7)  trajectories  of  th*  flow  in  time  are 
analogoua,  but  not  identical,  to  fMiliar  plots  of  solu¬ 
tion  characteristic*  for  hyperbolic  equations.  Plots  of 
h  and  A  are  shown  in  Fig.  8.  The  trajectory  of  the  mean 
wind  in  all  of  thee*  plots  is  a  straight  line  whose 
slop*  is  -1. 

Along  th*  slope,  contours  of  a  variable  are  hori¬ 
zontal  if  local  effect*  determine  th*  solution  and  ver¬ 
tical  if  advective  effect*  dominate,  as  in  the  steady 
state.  Model*  of  homogeneous  slopes  are  limited  to  th* 


CONCLUSIONS 

The  katabatic  wind  model  presented  here  is  con¬ 
sistent  with  previous  work  in  the  limits  of  opposing 
Mbient  flow  with  no  cooling  along  the  slope  (Ellison 
and  Turner,  1959),  no  ambient  wind  with  cooling  along  a 
slop*  (Manin  end  Sawford,  1979a),  and  homogeneously 
mixed  heavy  layers  on  a  horizontal  plane  (Zeman,  1982). 
The  development  of  a  more  general  one-dimensional  model 
of  katabatic  vinds  in  opposing  flow  indicates  that  it  is 
preferable  to  integrate  equations  of  shallow  fluid  flow 
on  a  slope  to  a  variable  height,  where  terms  from  appli¬ 
cation  of  Leibnitz’  rule  enter,  than  to  integrate  to  a 
fixed  height. 

Steady  solutions  in  opposing  flow  divide  naturally 
into  shooting  (supercritical)  and  tranquil  (subcritical) 
flows  depending  on  a  Froude  masber  (or  bulk  Richardson 
ntmber)  condition,  as  is  the  case  when  there  is  no  am¬ 
bient  flow,  but  tranquil  flows  can  be  characterized  by 
appreciable  entrainment.  Katabatic  winds  resulting  from 
cooling  along  the  slope,  defined  here  as  slope  flows, 
are  tranquil. 

If  entrainment  into  katabatic  winds  behaves  as  it 
doe*  in  inclined  laboratory  gravity  currents,  model 
results  indicate  that  the  katabatic  wind  onset  time  is 


m 


vary  sensitive  to  the  retarding  affect  of  opposing  flow 
aa  well  aa  to  the  cooling  race  on  the  slope.  The  thick¬ 
ness  of  the  katabatic  layer  chat  grows  against  opposing 
flow  should  be  seen  to  increase  steadily  even  though 
boundary-layer  wind  speeds  do  not  change  appreciably. 
Another  qualitative  feature  predicted  here  ia  that  tem¬ 
per  at ures  along  the  slope  should  go  to  a  minimus  and  in- 
crcaaa  Coward  a  somewhat  warmer  value  later  (see 
Fig.  8),  aa  initial  local  cooling  ia  overcome  by  en- 
c raiment  and  advective  effects,  and  ultimately 
approaches  a  cooler  steady  value. 
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FICORE  CAPTIONS 

Fig.  I  Wind  profiles  on  23  July  1980  at  times  (LST). 

Ticks  on  the  ordinate  represent  units  of  100  m 
altitude.  (1)  0533;  (2)  0621;  (3)  0643;  (4) 
0707;  (5)  0805.  The  components  parallel  to 
and  normal  co  the  fall  lines  are  shown  by 
solid  and  dashed  lines  respectively.  A  thin 
dashed  line  indicates  zero  speed. 


Entrainment  rate  aa  function  of  Bi  for  values 
of  R,.  (A)  Rt  -  10"*,  (B)  Rt  «  1,  (C) 

Rx  -  102.  (D)  Rt  *  10*. 

Phase  plane  CRi  vs.  relative  spaed  0.  Note 
that  U  >  1  refers  to  downhill  motion.  Solid 
lines  divide  'ranquil  flowa  (above  and  to  the 
right)  from  shooting  flows.  Lines  of  constant 
buoyancy  deficit  flux  are  dashed:  (A) 

-0.0625,  (B)  -0.0833,  (C)  -0.125,  (D)  -0.25, 
(E)  1,  (F)  1.33,  (G)  2,  (H)  4. 

Solutions  plotted  on  the  phase  plane.  Letters 
indicate  conditiona  at  the  top  of  the  slope: 
(A)  Uphill-moving  shooting  flow  (dotted),  B  • 
0.10;  transient  solutions  at  t  «  10  (Section 
4);  (B)  B  ■  0.5;  (C)  B  •  1.0;  (D)  B  -  2.0. 

(E)  Steady  shooting  flow  moving  downhill,  B  * 
1.0  (dotted). 

Contours  of  the  time  tf  required  for  flow 
initially  neutral  and  moving  uphill  to  reverse 
as  a  function  of  the  stress  coefficient  e  and 
the  cooling  rate  B.  Boundary— layer  thickness 
h  is  constant  for  this  model.  Dashed  lines 
give  solutions  of  approximation  (4.4).  All 
values  are  dimensionless. 

The  relation  between  tf,  the  time  for  flow 
initially  neutral  and  moving  uphill  at  equi¬ 
libria  to  reverse,  and  B,  the  bound ary- layer 
cooling  rate.  The  solid  curve  was  found  using 
(2.12);  the  dashed  line  was  found  using  tne 
Deardorff  entrainment  parameterization. 
Contours  of  U  *  ua  plotted  on  the  time-slope 
distance  plane.  Dashed  contours  indicate 
negative  values.  Solid  lines  with  arrows 
indicate  sample  trajectories.  Cooling 
rates  are  (a)  B  ■  0.5,  (b)  B  “  1.0,  (c)  B  •• 

2.0 

Contours  of  h  and  A  plotted  on  the  time-slope 
distance  plane:  (a)  h,  B  •  0.5;  (b)  A,  B  ■ 
0.5;  (c)  h,  B  -  1.0;  (d)  A,  B  -  1.0:  (e)  h,  B 
«  2.0;  (f)  A,  B  -  2.0. 
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ABSTRACT 

Characteristics  and  hydraulic  roles  of  the  large 
scale  quasi-ordered  structure  observed  in  the  initial 
development  of  the  buoyant  surface  discharge  were  inves¬ 
tigated  by  means  of  detailed  measurements  of  density  and 
streamwise  and  vertical  velocity  fluctuations.  The  cross 
sectional  averages  of  turbulent  energy  and  volume  flux 
are  evaluated  by  integrating  the  mean  kinetic  energy 
equation  and  the  continuity  equation  respectively,  and 
then,  streamwise  variations  of  turbulent  energy  balance 
and  an  entrainment  velocity  are  examined.  It  becomes 
clear  that  the  quasi-ordered  structures  evolution  and 
their  active  coalescence  process  is  che  essential  mecha¬ 
nism  of  the  energy  production  and  entrainment,  by  which 
the  shear  layer  grows.  The  stratification  due  to  the 
density  difference  controls  the  development  of  the  quasi- 
ordered  structure  and  reduces  the  vertical  movement  of 
fluid  and  the  Reynolds  stress  production.  The  shear  layer 
width  is  dependent  of  a  characteristic  length  scale 
determined  by  the  buoyancy  force. 

NOMENCLATURE 


B  mean  buoyancy  =  (pa-p)/pag 

b  buoyancy  fluctuation 

-^v  buoyancy  flux  in  vertical  direction 
f  frequency 

fv  frequency  of  vortex  passing 

g  gravitational  acceleration 

H  local  Jet  width 

h  maximum  slope  thikness 

Lp  local  buoyancy  length  scale  ■  U2/B 

Py  power  spectra  of  vertical  veiocity  fluctuation 
q*  turbulent  kinetic  energy  *  (  Tr  *  2v*  )/2 
Ri  overall  Richardson  number 

Ruv  cross  correlation  coefficients  =  -uv/ZTi4^5 
U  mean  flow  velocity  in  streamwise  direction 
Uc  convection  velocity  in  streamwise  direction 
u  velocity  fluctuation  in  streamwise  direction 

-uv  mean  Reynolds  stress 

Ve  entrainment  velocity  across  stratified  interface 

v  velocity  fluctuation  in  vertical  direction 

x  streamwise  coordinate 

z  vertical  coordinate 


root  mean  square  value 


INTRODUCTION 

Shearing  flow  in  a  stratified  fluid  is  commonly 
observed  in  oceans  and  atmosphere,  of  which  typical 
examples  in  engineering  are  disposal  of  waste  water, 
thermal  discharge  from  power  plants,  etc.  Therefore, 
substantial  works  have  been  done  on  the  behaviors  of  the 
discharging  water,  the  entrainment  reduction,  and  devel¬ 
opment  of  schemes  predicting  the  concentration  and 
temperature  fields  caused  by  such  discharges  into  envi¬ 
ronment.  The  works,  however,  have  been  less  fruitful  in 
making  clear  the  dynamics  of  entrainment  and  the  mecha¬ 
nism  of  turbulent  transport  under  the  influence  of 
stratification.  Very  scant  reliable  data  have  been 
accumulated  on  the  turbulence  structure. 

If  a  stable  stratification  is  introduced  into  a 
turbulent  field,  the  vertical  motion  of  fluid  is  sup¬ 
pressed  due  to' the  buoyancy  force.  This  results  in  the 
reduction  of  the  Reynolds  stress  and  may  cause  the  decay 
of  turbulence  and  the  dimution  of  the  vertical  exchange 
of  momentum,  heat  or  substan'-es.  Therefore,  the  fluid 
motion  in  the  stratified  shear  flow  is  supposed  to 
remarkably  differ  from  the  motion  in  a  homogeneous  shear 
flow  even  under  the  same  boundary  conditions. 

When  the  energy  production  rate  by  shear  is  larger 
than  the  removal  rate  of  the  energy  by  the  buoyancy 
force,  the  entrainment  and  intense  mixing  take  place 
across  the  stratified  interface.  On  the  contrary,  when 
the  buoyancy  force  is  dominant,  the  gravitational 
stability  is  superior  to  the  turbulent  production, 
resulting  in  the  more  stable  stratification.  Holmboe  ( 
1962)  and  Hazel  (1972)  have  theoretically  analyzed  the 
temporal  instability  in  such  a  system,  and  Browand  and 
Winant  (1972),  TLcipe  (1973)  and  Koop  and  Browand  (1979) 
experimentally  investigated  the  spatial  growth  charac¬ 
teristics  of  disturbances.  They  concluded  that  (1)  the 
turbulence  in  the  shear  flow  can  not  be  maintained  in 
the  presence  of  even  very  slight  amount  of  stratifica¬ 
tion,  and  (2)  the  critical  initial  Richardson  number  is 
0.08  -  0.125  and  the  turbulence  structure  is  expected  to 
change  drastically  at  this  critical  value.  There  exist 
two  distinct  modes  of  instability  depending  on  the 
degree  of  stratification;  (a)  an  active  turbulent  Ray¬ 
leigh  mode  that  is  characterized  by  the  presence  of  the 
large  scale  quasi-ordered  vortical  structures  very 
familiar  in  homogeneous  flows  and  (b)  a  small  scale 
Holmboe  mode  in  which  no  roll-up  occurs  and  breaking  is 
less  violent  because  of  the  strong  stratification. 

According  to  many  recent  researches  on  various 
turbulent  shear  flows  since  Brown  and  Roshko  (197h),  the 
coalescence  of  adjacent  vortical  structures  is  believed 
to  be  the  fundamental  mechanism  governing  the  shear- 
layer  growth.  The  entrainment  of  fluid  into  the  turbu¬ 
lent  shear  layer  is,  of  course,  controlled  by  the  quasi- 
ordered  vortical  structures.  Quantitative  information 
about  the  structure  in  the  stratified  shear  flow  has 
been  obtained  by  some  researchers  such  as  Ferry  and 
Hoffman  (1976),  and  Rajagopalan  and  Antonia  (1981)  main¬ 
ly  by  means  of  conditional  sampling  and  averaging 
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techniques.  In  spite  of  significant  previous  studies, 
questions  still  remain,  i.e.  how  this  quasi-ordered 
structure  is  affected  by  the  stratification  and  how  it 
correlates  with  the  turbulent  transport  process. 

Recently,  the  authors  (1983)  presented  flow-visual¬ 
ization  of  the  large  scale  quasi-ordered  vortical  struc¬ 
ture  behaviors,  and  provided  quantitative  information  on 
their  evolution  and  interactions  in  the  initial  develop¬ 
ing  region  of  the  two-dimensional  buoyant  surface  Jet. 

The  main  purpose  of  this  paper  is  to  present  more 
comprehensive  results  relating  to  the  vortical  structure 
evolution  under  the  stratification  and  to  specify  its 
hydraulic  roles  on  the  shear-layer  growth  and  decay 
process  by  means  of  measurements  of  density  and  stream- 
wise  and  vertical  velocity  fluctuations. 

EXPERIMENTAL  ARRANGEMENT  AND  DATA  PROCESSING 

The  experiments  were  carried  out  in  a  rectangular 
straight  flume  of  600  cm  long,  15  cm  wide  and  50  cm  deep 
made  of  lucid  acrylic  plate.  The  flume  vas  equipped  with 
a  horizontally  located  guide  plate  to  supply  smoothly 
fresh  water  at  an  outlet  and  a  valve  to  supply  salt 
water  into  the  lover  layer.  Fresh  water  vas  discharged 
horizontally  at  the  vf.ter  surface  into  the  flume 
initially  filled  up  with  salt  water.  Through  all  the 
experiments,  salt  water  vas  fed  into  the  lower  layer  in 
proportion  to  an  entrained  volume  and  a  weir  height  at 
the  downstream  end  of  the  flume  was  skillfully  adjusted 
in  order  to  keep  a  steady  state  of  the  buoyant  surface 
Jet. 

All  measurements  vere  made  at  a  free-stream  veloci¬ 
ty  U0  of  10  cm/s  and  the  outlet  depth  H0  was  about  2  cm 
at  the  outlet.  The  density  difference  between  the 
discharging  and  the  ambient  fluid  is  varied  in  four  steps 
;  0.0,  0.0013,  0.0050  and  0.0100  g/cm3.  Therefore,  the 
initial  Richardson  number,  RiQ  ,  based  on  the  maximum 
slope  thickness  is  in  the  range  from  0.00k  to  0.059 
depending  on  the  density  difference. 

Measurements  of  fluctuating  velocities  and  density 
were  made  with  a  X-type  film  probe  operated  at  a  constant 
temperature  anemometer  (  KAN0MAX  21-1312  )  and  a  platinum 
black  coated  platinum  wire  operated  with  a  hand-made 
salino-meter ,  respectively.  The  spanwise  separation  of 
two  probes  was  1.2  cm.  The  output  signals  from  both 
instruments  were  stored  in  a  data  recorder  (  TEAC  R-210  ) 
and  were  converted  to  digital  signals  (  TEAC  DR-2100A  ) 
of  3000  samples  with  a  frequency  of  100  Hz.  The  digitiz¬ 
ed  data  were  processed  with  a  computer  ACOS-S1000  at 
Data  Processing  Center  of  Osaka  University.  The  Cl“- 
concentration-density  calibration  curve  was  then  used 
for  calculation  of  the  actual  fluctuating  density  p  and 
the  buoyancy  fluctuations  b  »  (oa-  P)/PaS»  in  which  pa 
is  the  ambient  fluid  density. 

Data  were  collected  at  14  x-stations  in  the  range 
of  110  cm  downstream  from  the  outlet,  and  at  various 
vertical  depths  from  12  to  16  inside  the  buoyant  dis¬ 
charges  in  each  station. 

The  flow  waa  also  made  visible  by  fluorescent  dye- 
cloud  injected  on  the  lower  side  of  the  shear  layer  near 
the  outlet  through  a  needle  of  an  injector.  Brilliant 
dye-cloud  was  recorded  photographically  with  a  high¬ 
speed  16  mm  cine  camera  (  PHOTO-SONIC  ) . 

FLOW- VISUALIZATION 

The  evolution  of  the  large  scale  quasi-ordered 
structure  is  roughly  divided  into  four  stages  :  (1)  the 
shear  layer  Instability,  (2)  the  initial  nonlinear 
rolling-up,  (3)  the  mutual  interaction  of  neighbouring 
vorticies,  and  (4)  the  breakdown.  The  shear  layer  growth 
in  the  very  early  stage  (1)  is  predicted  theoretically 
and  experimentally  by  the  linear  instability  theory.  The 
mechanism  of  nonlinear-predominating  stages  (2)  and  (3) 
cannot  but  lean  on  the  help  of  experiments  because  of 
difficulties  containing  in  analysis.  Besides,  these 
stages  are  of  great  importance  to  the  shear-layer  growth. 

Photos  1  and  2  show  the  characteristic  vortical 
motion  observed  in  the  shear  layer  of  the  buoyant  surface 
Jet  of  Rio  *  0.017,  in  which  typical,  but  infrequently 
oc curing  events  of  organization  are  recognized.  Partial 
fractions  slightly  tinged  with  black  represent  the  fluo¬ 
rescent  dye-cioud  illuminated  by  the  thin  slot  light. 
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Photo  1.  Rolling-up  of  quasi-ordered  structure. 


Photo  2.  Coalescence  of  neighbouring  structures. 

Small  disturbances,  which  characterize  the  linear 
instability  stage,  are  evident  on  the  left-hand  side  of 
Photo  1.  After  two  or  three  wavelengths,  the  dye  marking 
the  fluid  with  vorticity  becomes  concentrated  into  a 
periodic  train  in  discrete  vortical  structures  and  it 
rolls  the  low-speed  heavier  fluid  up  in  the  high-speed 
lighter  fluid  accompanied  with  its  growing.  These  large 
scale  structures  are  observed  to  be  two-dimensional.  In 
the  breakdown  of  these  rolling-up  structures,  the  intense 
mixing  between  both  fluids  takes  place.  The  similar 
phenomenon  is  observed  in  homogeneous  3hear  flows.  In  the 
stratified  case,  an  additional  vorticity  is  generated  by 
the  buoyancy  force,  which  opposes  the  growth  of  such 
structures.  As  a  result,  although  there  is  also  an 
initial  growth  stage,  vortical  lumps  soon  collapse.  Both 
types  of  the  structures  are  easily  distinguished  visually. 

Kioto  2  demonstrates  that  the  large  scale  structures 
are  continually  rotating  around  one  another  in  pairs  and 
merge  into  a  single  larger  structure.  During  this  coa¬ 
lescence  process ,  the  low-speed  heavier  fluid  is  entrain¬ 
ed  or  digested  by  the  engulftaent  of  the  fluid  entrapped 
between  the  fore  and  aft  structures.  This  process  is 
observed  to  occur  repeatedly,  controlling  the  growth  and 
overall  characteristics  of  the  shear  layer. 

VORTEX  EVOLUTION  UNDER  THE  INFLUENCE  OF  STRATIFICATION 

There  are  two  analyses  in  clarifying  quantitatively 
evolution  of  the  quasi-ordered  vortical  structure.  One  is 
a  Lagrangian  method  to  trace  the  identifiable  vortex 
paths  on  a  space-time  diagram  from  aligned  displays  of 
cine-film  frame  sequences.  The  other  is  an  Eulerian  point 
measuring  of  velocities  and  density  fluctuations. 

Experimental  results  on  the  basis  of  the  former 
method  was  reported  in  the  latest  authors 1  paper  ( 1983 ) ■ 
An  example  is  presented  in  Fig.  l  .  It  shows  the  variation 
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Fig.  1.  Frequency  of  individual  vortical  structure 

passages  as  a  function  of  downstream  position. 


of  an  individual  vortex  passage  frequency,  fv/f0  with 
distance,  in  which  f0  represents  the  occuring  frequency 
of  the  vortical  structure.  The  passage  frequency  was 
calculated  as  a  reciprocal  of  an  average  period  at  each 
selected  downstream  position  with  the  distance  1  cm, 
which  was  obtained  from  the  trajectories  of  about  two 
hundred  structures .  The  value  of  fv/f0  has  an  inclina¬ 
tion  to  decrease  with  distance.  Since  the  decrease  of 
fy/f^j  might  be  caused  by  the  above-mentioned  coalescence 
of  neighbouring  structures ,  its  degree  can  be  roughly 
considered  as  an  occurence  rate  of  the  coalescence.  It 
is  evident  that  about  twenty  five  percents  of  the  occur¬ 
ing  structures  disappear  even  in  the  range  of  x  <  10  cm. 
It  requires  that  half  the  structures  should  be  partici¬ 
pated  in  the  coalescence  process;  so  that  the  movements 
of  fluid  is  conjectured  to  be  under  the  influence  of 
strong  nonlinear  interactions.  In  the  case  of  the  larger 
Richardson  number,  its  rate  is  slightly  small.  This 
means  that  the  stratification  suppresses  the  evolution 
and  the  coalescence  of  the  vortical  structures. 

Figures  2  and  3  show  the  variations  of  power  spectra 
and  cross-correlation  coefficients  of  velocity  fluctua¬ 
tions  in  order  to  elucidate  the  dynamic  features  of  the 
vortex  evolution.  The  measuring  points  are  the  depth  in 
which  the  value  of  the  Reynolds  stress  is  maximum  at 
each  downstream  position.  The  vertical  velocity  fluctua¬ 
tions  were  adopted  in  evaluating  the  power  spectra.  This 
is  due  to  the  reason  that  movements  of  the  vortical 
structure  are  well  reflected  in  them,  and  this  fact 
appears  evidently  in  the  vertical  convection  velocity 
variation  of  the  adjacent  structures  undergoing  coa¬ 
lescence  as  pointed  out  by  the  authors  (1983)  and  Acton's 
simulation  (1976)  of  the  vortex  evolution. 

In  Fig.  2,  the  spectra  of  Ri0  *  0.00k  and  0.033  are 
included  for  comparison.  The  structure  originated  near 
the  point  of  x  »  1.5  cm  begin  to  be  affected  by  nonlinear 
interactions  with  distance.  The  spectra  at  x  *  k  cm 
indicates  predominant  double  peaks  in  both  cases. 
Further-downstream,  double  peaks  are  absorbed  into  a 
lower  frequency  peak  at  x  *  8  cm.  It  is  worthy  to  note 
that  its  frequency  agrees  precisely  with  half  the  occur¬ 
ence  frequency.  1hi3  means  that  the  first  round  of  coa¬ 
lescence  would  take  place  in  the  range  of  x  <  8  cm.  In 
the  region  downstream,  the  coalescence  occurs  so  repeat¬ 
edly  that  the  peak  frequency  shifts  gradually  to  the 
lower  frequency  range  and  that  the  ratio  of  energy 
containing  in  the  lower  frequency  range  to  the  total 
energy  becomes  Increasing.  Its  tendency  is  quite  incon¬ 
sistent  with  the  cascade  of  energy  from  the  largest, 
energy  extracting  scales  to  the  smallest,  dissipating 
scales . 

Judging  from  the  variations  of  power  spectra,  the 
coalescence  comes  to  an  end  at  the  range  of  x  <  50  cm 
for  Rl_  ■  0.00k,  and  x  <  35  cm  for  Rl0  ■  0.033.  When 
normalized  by  an  initial  momentum  thickness  at  the  outlet, 
the  value  of  x/80  is  less  than  almost  280  for  both  cases. 
This  range  is  shorter  than  the  value  of  x/9o  k  1000, 
obtained  at  the  homogeneous  mixing  layer  by  Bradshaw  ( 
1966).  It  is  obvious  from  this  fact  that  the  quasi-order¬ 
ed  structures  would  soon  break  down  by  the  influence  of 
str  ification.  After  breakdown,  peaks  observed  in  the 
parvt .  spectra  disappears,  shifting  to  a  perfect  turbulent 
state  followed  by  the  -5/3  power  laws. 

This  tendency  is  also  recognized  in  the  nondimen- 
sional  cross-correlation  coefficients  between  streamwise 
and  vertical  velocity  fluctuations,  Ruv.  Figure  3  is  a 
case  of  Ri0  »  0.00k.  In  the  range  of  x  ■  k  -  10  cm,  the 
value  of  Ruv  changes  little  with  downstream  distance, 
i.e.,  Ruv(0)  ■  -0.58,  thus  indicating  highly  correlated 
u—  and  v-  fluctuations.  In  addition,  respective  auto¬ 
correlation  coefficients  are  significantly  similar  in 
this  range.  It  indicates  the  fluid  motion  to  be  fairly 
quasi-ordered.  B»e  coefficients  Ruv,  however,  decreases 
with  increase  of  the  distance  from  the  outlet. 

Hext,  in  order  to  clarify  the  influence  of  stratifi¬ 
cation  on  the  shear-layer  development,  characteristic 
length  scales  are  examined.  They  are  a  local  buoyancy 
length  scale,  [4  *  U2/B,  and  a  turbulent  shear  layer 
length,  5.  In  this  case,  five  times  of  the  characteristic 
Integral  length  scale  determined  by  a  buoyancy  profile 
is  adopted  as  the  turbulent  shear  layer  length,  5  •  59^, 
because  it  agrees  veil  with  the  observed  shear  layer 
thickness.  Figure  U  shows  the  ratio  of  these  length 
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Fig.  2.  Variation  of  power  spectra  of  vertical  velocity 
fluctuations  (  Ri0  »  0.00k  and  0.033  ). 
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Fig.  3.  Cross-correlation  coefficients  between  stream- 
wise  and  vertical  velocities  a3  a  function  of 
dovnstram  position  (  Rl0  *  0.00k  ). 


Fig.  U .  Variation  of  shear  layer  Richardson  number  with 
downstream  distance. 
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scales,  6/L^.  It  can  be  put  in  the  following  form; 

6  /Lb  -  B6  /  UJ  »  Rij  (1) 

Then,  it  also  represents  the  local  shear  layer  Richard¬ 
son  number. 

The  value  of  Rij  is  monotonously  increasing  with 
downstream  distance  from  an  initial  value  of  Ri0  to  the 
final  maximum  value  of  0.28.  This  means  that  the  turbu¬ 
lent  shear  layer  length  scale  finally  approaches  to  the 
equilibrium  value  against  the  local  buoyancy  length 
scale;  that  is,  the  former  is  dependent  of  the  latter. 

The  "mvi  imua  shear  layer  Richardson  number  is  comparati¬ 
vely  consistent  with  the  data  of  Koop  and  Brovand  or 
Thorpe  considering  different  definition  of  6.  Their 
result  is  0.32  ±  0.02  for  Ri0  <  0.1.  Since  an  increase 
in  Rij  indicates  that  the  stratification  due  to  the 
buoyancy  force  is  predominant  to  the  inertia  force,  the 
shear  layer  spreading  dfi/dx  decreases  gradually  associ¬ 
ated  with  a  distance  from  the  outlet  and  with  increase 
in  Rij.  Therefore,  the  higher  the  initial  Richardson 
number,  the  shorter  is  the  distance.  The  buoyant  surface 
Jet  clearly  laths  self-similarity  as  the  value  of  Rij 
approaches  to  the  maximum. 

TURBULENT  INTENSITIES  AND  REYNOLDS  STRESS 

Figure  5  shovs  the  maximum  values  of  the  rms  veloc¬ 
ity  and  buoyancy  fluctuations  at  each  downstream  position 
for  several  values  of  the  initial  Richardson  number, 
which  are  normalized  by  the  time-mean  streasnrise  veloci¬ 
ty  and  buoyancy  at  the  outlet.  The  effect  of  the  vortex 
evolution  on  the  turbulent  intensities  is  clearly 
produced  in  the  initial  development  region,  and  in  the 
far  downstream  region  of  x  >  8  *  10  cm  there  is  no  long¬ 
er  a  definite  effect  of  vortical  structures.  In  general, 
the  turbulent  intensities  reach  their  maxlaums  at  nearly 
x  «  8  cm  and  then  sharply  fall  off  downstream.  The 
variation  curve  for  "/B„  u  larger  than  the  correspond¬ 
ing  curves  for  Ar/U0  and  /Ua,  but  these  variations 
resemble  each  other  quantitatively  and  qualitatively. 

The  data  of  Koop  and  Brovand  (1979 )  differ  from  the 
preaent  data  for  AVb0  and  /TvU0  in  the  far  downstream 
region,  whose  data  collapse  to  a  single  curve  provided 
for  Rl0  <  0.125. 

If  examined  in  detail,  the  maximum  values  for  each 
intensity  increase  with  decrease  of  the  initial  Richard¬ 
son  number.  This  means  that  the  variation  of  turbulent 
fluctuations  would  be  systematically  influenced  by  the 
stratification  even  in  the  region  where  the  quasi-order¬ 
ed  structures  are  predominant.  Furthermore,  beyond  the 
point  of  maximum  shear  layer  Richardson  number,  the 
buoyancy  fluctuations  intensities  show  a  decay  of 
proportional  to  This  rate  of  decay  coincides  with 

that  of  scalar  quantities  in  the  Isotropic  grid  turbu¬ 
lence  as  measured  by  Lin  and  Pao  (1979)  and  in  the 
stratified  shear  flow  by  Koop  and  Brovand  (1979). 

Th*  similar  tendency  is  not  seen  for  the  velocity 
fluctuations.  In  particular,  the  magnitude  of/v5  changes 
depending  on  the  initial  Richardson  number.  Then,  the 
ratio  of  the  intensities  of  vertical  and  streamvise 
T  elocity  fluctuations  in  the  form  (  ’vVu7  )  is  presented 
in  Fig.  6.  The  measuring  point  is  a  depth  of  maximum 
Reynolds  stress  for  each  downstream  position.  In  general, 
vVu7  increases  sharply  at  around  x  *  8  cm.  After  once 
decreasing,  it  reaches  a  maximum  near  at  x  •  50  -  90  cm. 
The  first  peak  1s  intensely  connected  with  the  vortex 
evolution  in  the  initial  development.  It  confirms  the 
authors'  flow-visualization  results  that  the  mutual 
interactions  and  coalescence  of  the  quasi-ordered  struc¬ 
tures  give  rise  to  the  vertical  motion  of  fluid.  And, 
the  second  peak  corresponds  to  the  region  where  the 
stratification  due  to  the  buoyancy  force  begins  predomi¬ 
nating.  In  that  region  the  production  of  u7  is  reduced, 
and  then,  the  value  of  Vs /vr  becomes  larger,  since  the 
vertical  gradients  of  streamvise  velocity  profiles  become 
smaller  and  the  behavior  of  Reynolds  stress  fluctuations 
is  suppressed  by  the  stratification. 

The  distributions  of  Reynolds  stress  at  each  down¬ 
stream  position  is  shown  in  Fig.  7  for  two  different 
initial  Richardson  numbers.  As  the  quasi-ordered  struc¬ 
tures  are  brought  up  in  the  Initial  development  region, 
the  Reynolds  stress  are  also  seen  to  increase  rapidly 


Fig.  5.  Variation  of  turbulent  intensities  of  buoyancy 
and  velocity  fluctuations ,/b7 ,  /u5  and  /v7 . 


Fig.  6.  Variation  of  anisotropy  between  streamvise  and 
vertical  velocity  fluctuations,  v7 /u7 . 


Fig.  7.  Distributions  of  Reynolds  stress  -u?  as  a  func¬ 
tion  of  downstream  position. 

and  to  spread  over  the  shear  layer  width.  However,  in  the 
far  downstream  region  of  x  >  15  cm,  the  Reynolds  stress 
gradually  decreases,  although  it  continues  to  spread 
within  the  layer.  The  depth,  in  which  the  Reynolds  stress 
is  maximum,  is  about  x/H0  •  0.8  -  0.9,  which  changes 
little  in  streamvise  direction.  It  can  be  seen  that  the 
magnitude  of  -uv  for  Ri0  *  0.001  is  about  half  the  value 
for  Ri0  *  0.033.  This  comparison  reveals  that  the  Reynolds 
stress  reduction  would  be  directly  caused  by  the  strati¬ 
fication  due  to  the  buoyancy  force. 
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ROLES  OF  QUASI-ORDERED  STRUCTURES 


Conditional  sampling  and  averaging  methods  have  been 
used  by  many  researchers  for  obtaining  the  quantitative 
properties  of  the  quasi-ordered  structures  in  various 
shear  flows.  Although  the  distributions  of  the  Reynolds 
stress,  turbulent  buoyancy  fluxes,  etc.  can  be  resolved 
within  the  educed  structure  in  detail  by  applying  this 
methods,  it  is  difficult  to  evaluate  quantitatively  the 
effect  of  the  quasi-ordered  structure  upon  the  shear 
layer  development  or  the  relationship  between  the  quasi- 
ordered  structure's  evolution  and  the  stratification. 
Therefore,  in  this  section  the  flow  properties  integrat¬ 
ed  across  the  cross  section  for  each  downstream  position 
will  be  discussed. 

TURBULENT  EHERGY  BALABCE 

If  integrated  the  turbulent  energy  equation  across 
the  Jet  width  considering  tvo  boundary  conditions  ( 

V  *  0  and  »  *  0  at  i  «  0,  V  ■  -Ve ,  q*  »  0  and  p  »  0  at 
z  »  H.  ),  the  diffusion  and  the  pressure  terms  integrat¬ 
ed  are  canceled,  and  then,  cross-sectional  averages  of 
turbulent  energy  are  computed  from  the  following 
equation; 

^1*%?  dz  -£HJ[  ]  dz  -  J'HJ[  -57  ]  dz 

Convection  Shear-production  Buoyancy-production 


Dissipation 


where  q*/2  »  ti*  +  2  v2  and  e  »  v  (  3ui/3xj  3ui/3xj). 

The  convection  term  is  approximately  represented  by 

Uc  3  q1  dz  ]  /3x,  (3) 

making  use  of  the  flow  visualization  result  that  the 
turbulent  energy  "q1  could  be  transported  by  the  quasi- 
ordered  structure  with  a  convection  velocity  of  Uc  * 

0.56  U0.  Then,  the  convection  term  and  the  production 
terms  due  to  both  shear  and  buoyancy  can  be  directly 
computed  from  the  measured  profiles.  The  remaining 
dissipation  term  could  be  estimated  as  the  residual  of 
the  turbulent  energy  equation. 

In  Fig.  8  the  variation  of  the  integrated  turbulent 
energy  balance  is  presented,  normalized  by  Uo.  The 
energy  production  due  to  the  buoyancy  force  is  not 
included  in  this  figure,  since 

three  order  smaller  compared  with  another  terms.  It  is 
apparent  that  the  energy  production  due  to  the  shear 
force  rapidly  Increases  accompanied  with  increasing  the 
Reynolds  stress  in  a  range  of  x  <  6  -  8  cm,  and  that 
almost  all  of  them  are  transformed  to  the  kinetic  energy. 
In  the  far  downstream  region,  the  production  gradually 
decreases  with  downstream  distance,  which  bears  propor¬ 
tion  to  the  dissipation.  That  is  to  say,  since  the 
producted  energy  is  almost  digested  by  the  viscosity 
dissipation,  the  turbulent  energy  balance  is  estimated 
to  be  well  proportioned.  The  energy  production  comes  to 
an  end  at  x  f  70  cm  for  Ri0  ■  0.00U  and  at  x  ♦  35  cm  for 
Rl0  ■  0.033.  It  is  interesting  to  note  that  these  posi¬ 
tions  correspond  to  the  terminal  position  in  which  the 
active  coalescence  of  the  quasi-ordered  structures  is 
over,  from  a  Judgement  of  the  power  spectra  changes  as 
shown  in  Fig.  2.  These  facts  clarify  that  the  energy 
production  is  closely  related  to  the  vitalities  of  the 
large  scale  quasi-ordered  structures.  This  result  is 
also  supported  by  the  fact  that  the  amount  of  energy 
production  becomes  larger  in  the  case  of  smaller  initial 
Richardson  numbers.  It  can  be  teen  from  Fig.  1  that  the 
coalescence  frequently  occurs  in  such  cases. 

From  the  facts  described  above,  ve  may  conclude 
that  the  buoyancy  effect  contributes  to  the  reduction  of 
the  Reynolds  stress  or  ths  diminution  of  energy  produc¬ 
tion  due  to  the  shear  force  in  the  manner  that  the 
stratification  due  to  the  buoyancy  force  controls  the 
evolution  and  coalescence  process  of  the  large  scale 
quasi-ordered  structures. 


Fig.  8.  Variation  of  energy  balance  cross-sectionally 
integrated  at  each  downstream  position. 

ehtraihmest  velocity 

Entrainment  is  commonly  understood  as  the  process 
of  mass  transport  across  an  interface  between  tvo 
adjacent  flowing  fluids  with  different  densities.  The 
entrainment  volume  transport  is  named  the  entrainment 
velocity,  because  it  has  the  same  dimension  as  velocity, 
the  volume  passing  across  unit  area  in  unit  time. 
Therefore,  the  degree  of  mixture  is  determined  by  the 
magnitude  of  the  entrainment  velocity.  The  entrainment 
is  estimated  by  integrating  the  continuity  equation 
across  the  Jet  width  in  the  following  form; 

Ve  (x)  *  (  x,z  )  dz  (10- 

in  which  V  »  0  at  z  *  0,  and  V  »  -Ve  at  1  *  Hj. 

That  is  to  say,  it  represents  the  rate  of  volume  flux 
integrated  across  the  cross  section  in  streamvise  direc¬ 
tion  and  can  be  easily  evaluated  by  use  of  the  measured 
profiles  of  U(x,z). 

Figure  9  shows  the  variation  of  the  entrainment 
velocity  normalized  by  UQ.  In  the  initial  development 
region  (  x  <  10  cm  ) ,  the  value  of  Ve/UQ  is  to  be  larger 
than  0.02  for  Ri0  »  0.001  and  0.017,  and  larger  than 
0.01  for  Ri0  »  0.033.  This  means  that  the  intense  mass 
transport  from  a  heavier  and  lower  velocity  fluid  to  the 
turbulent  higher  velocity  one  vould  take  place  in  this 
region.  Moreover,  the  position  in  which  Ve/U0  approaches 
to  zero  is  about  70  cm  and  35  cm  respectively.  This 
distance  from  the  outlet  is  equivalent  to  the  disappear¬ 
ance  point  of  the  quasi-ordered  structures’  coalescence 
mentioned-above.  Then,  the  entrainment  of  ambient  fluid, 
in  other  words,  the  spread  of  turbulent  fluid  is  conjec¬ 
tured  to  be  closely  related  to  movements  of  the  quasi- 
ordered  structure. 


Fig.  9.  Variation  of  entrainment  velocity. 


The  effect  of  stratification  on  the  entrainment 
phenomena  at  the  interface  can  be  estimated  by  evaluat¬ 
ing  the  Richardson  number  based  on  the  local  structure 
of  the  turbulence,  such  as  the  intensity  and  scales  of 
velocity  and  buoyancy  distributions.  The  detailed  exper¬ 
iments  on  buoyant  surface  Jets  have  been  attempted  by 
many  researchers.  Among  of  them  are  veil  known  Ellison 
and  Turner  (1959)  and  Chu  and  Vanvari  (1976),  who  used 
differently  defined  characteristic  scales  in  estimating 
the  Richardson  number.  There  is  considerably  discrepancy 
between  their  data,  even  though  the  different  difinitions 
are  taken  account.  The  results  of  the  present  study 
agree  very  well  with  those  of  Ellison  and  Turner,  when 
compared  with  three  data  in  respective  formulation. 

Since  Chu  and  Vanvari 's  definition  if  based  on  tb*  self- 
preserving  hypothesis,  their  data  show  considerably 
smaller  entrainment  rates.  Their  definition  is  not  suit¬ 
able  for  a  larger  initial  Richardson  number  in  which  the 
motion  of  fluid  changes  from  a  Jet-like  flow  to  a 
stratified  flow 

Then,  the  relationship  between  the  entrainment 
velocity  Ve/Us  and  the  local  shear  layer  Richardson 
number  Ri^  is  presented  in  Fig.  10,  in  which  U3  and  Bs 
are  the  surface  velocity  and  buoyancy  respectively  at 
each  downstream  position,  and  Rib  *  Bs  h  /  U2S  based  on 
the  maximum  slope  thikness  h  *  Us  /  ( 3U/3z  )mx.  The  data 
in  this  figure  are  a  little  scattered  compared  with 
Ellison  and  Turner's  data.  It  is  also  clear  that  the 
slope  of  an  approximate  curve  changes  distinctly  at  Rib 

*  0.12;  that  is,  while  Ve/Us  rapidly  decreases  with 
increasing  Rib  in  the  range  of  Rib  <  0.12,  the  decreas¬ 
ing  rate  of  Ve/Us  is  very  small  in  the  range  of  Rib  > 
0.12.  Although  opinions  are  so  varied,  the  value  of  Rib 

*  0.08  -  0.15  is  critical  bounds  vhether  the  coalescence 
of  the  large  quasi-ordered  structures  could  take  place 
or  not.  It  is  reported  that  the  dispersive  internal 
vaves  are  predominant  in  the  range  of  Rife  >  0.15.  In  the 
former  the  coalescence  between  the  quasi-ordered  struc¬ 
tures  causes  intense  engulfing  and  digesting  of  the 
ambient  fluid  into  the  turbulent  one.  On  the  other  hand, 
in  the  latter  the  breaking  of  internal  waves  is  substan¬ 
tial  in  the  mixing  process.  Therefore,  both  regions 
could  be  named  the  shear  layer  type  and  the  internal 
wave  type,  respectively,  because  of  their  turbulence 
origin. 

conclusion 

The  following  conclusions  can  be  drawn  from  this 
study; 

(1)  The  coalescence  of  the  adjacent  quasi-ordered 
structures  results  in  not  only  enlargement  of  their 
sizes  but  also  amalgamation  of  energy. 

(2)  Although  turbulent  intensities  rapidly  increaae- 
s  through  the  coalescence,  the  growth  of  turbulence  is 
soon  suppressed  as  the  stratification  due  to  density 
difference  proves  fruitful.  The  maximum  shear  layer 
thickness  is  dependent  on  the  characteristic  length  scale 
determined  by  the  buoyancy. 

(3)  As  the  magnitude  of  the  Reynolds  stress  is 
remarkedly  influenced  by  the  stratification,  the  varia¬ 
tion  of  the  cross-aectionally  integrated  turbulent  energy 
balance  was  evaluated.  This  result  makes  clear  that  the 
overall  shear  layer  characteristics  such  as  energy 
production,  entrainment  and  spread  of  turbulent  region 
are  closely  related  to  the  evolution  and  coalescence  of 
the  large  scale  quasi-ordered  structures. 

(4)  The  relationship  between  the  entrainment  veloci¬ 
ty  and  the  shear  layer  Richardson  number  reveals  that  the 
Rlb  is  very  Important  factor  to  define  the  shear  layer 
type  and  the  internal  wave  type  and  that  its  critical 
value  is  Rib  »  0.12. 
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ABSTRACT 

We  present  a  new  scheme  of  atmospheric  turbulence: 
small  scales  strmtures  are  continuously  flattened  at 
larger  and  larger  scales.  This  continuous  deformation 
may  be  characterised  by  defining  an  "  elliptical  dimen¬ 
sion  "  D  ,  .  We  show  both  theoretically  and  empirically 
that  D  .  *  23/9  Ot2.56.  Atmospheric  mo cions  are 

therefore  never  "  flat  "  (  D  »2),  nor  isotropic  (  D  ,■ 
3).  81  el 

Intermittency,  in  the  context  of  this  "  elliptical 
turbulence  ''  is  discussed:  dimension  of  the  support  of 
turbulence  and  divergence  of  higher  statistical  moments 
of  Che  different  fields. 

IHTRODOCTIOH 

The  classical  schaoie  of  atmospheric  motions  <  e.g. 
Monin  (1972)),  considers  the  large  scale  as  two-dimen¬ 
sional,  and  Che  small  scale  as  three-dimensional,  a 
transition  named,  for  obvious  reasons,  a  "  dimensional 
transition"  by  Schertzer  and  Lovejoy  (1983),  is  expected 
to  occur  in  the  meso-scale,  possibly  in  association 
with  a  "meso-scale  gap"  (  Van  der  Hoven  (1957)). 

This  scheme  favours  the  simplistic  idea  that  at 
planetary  scalas  the  atmosphere  look  like  a  thin  enve¬ 
lope,  whereas  at  human  scales,  it  looks  more  like  an 
isotropic  voluae. 

A  dimensional  transition,  if  it  were  to  occur, 
would  be  likely  co  have  fairly  drastic  consequences 
because  of  the  significant  qualitative  difference  of 
turbulence  in  two  and  three  dimensions  (Fjortoft  (1953), 
Kraichnan  (1967),  Batchelor  (1969)):  the  all  important 
streching  and  folding  of  vortex  tubes,  in  three  dimen¬ 
sion;  cannot  occurs  in  two  dimension. 

Since  the  50' s,  there  has  been  a  wide  debate  over 
the  effective  dimension  of  atmospheric  turbulence,  due 
in  particular  to  the  extension  of  two-dimensional  results 
to  the  case  of  quasi-geostrophy  (  Charney  (1971),  Herring 
(1980)). 

Although,  a  dimensional  transition  should  be  readi¬ 
ly  observable,  experiments  over  the  last  15  years  have 
failed  to  detect  it  (Pinus  (1968),  Vinnechenko  (1969), 
Morel  and  LarchevSque  (1974),  Kacpherson  and  Isaac (1977), 
Sage  (1979),  Gilet  et  Al.  (1980),  Lovejoy  (1982),  Larsen 
et  Al.  (1982),  Lilly  and  Peterson  (1963),  Nostnmi  and 
Gage  (1983)).  There  is  a  large  body  of  evidence  consis¬ 
tent  with  a  uniform  scaling  on  the  horizontal  up  to,  at 
lease  1500  km. 

Schertzer  and  Lovejoy  (1983)  have  examined  the 
different  theoretical,  ideas  underlying  these  experi- 
******  ^*  rettilfa.  They  pointed  out  that  the  prevalence 
of  this  uniform  scaling  should  be  connected  with  the 
fact  that  many  non-linear  equations  do  not  introduce 
a  characteristic  length,  and  chut  admit  scaling  solu¬ 


tions. 

In  principle,  this  scaling  could  be  broken  either 
by  non-scaling  boundary  condition* or  a  non-scaling  for¬ 
cing.  However,  Mandelbrot  (1982)  has  found  evidence  that 
Che  topography  is  scaling  up  to  planetary  scales,  and 
different  analyses  (  Gautier  ( 1 982-personnal  communica¬ 
tion),  Lovejoy (1 982) ,  Schertzer  and  Simonin  (1982),  and 
Simonin  (1962))  of  the  sources  and  sinks  of  diabatic 
heating  indicate  also  a  scaling  behaviour. 

Because  of  the  non-linear  coupling  between  the 
different  meteorological  fields,  the  exisence  of  a 
characteristic  length  scale  in  one,  is  likely  to  mani¬ 
fest  itself  in  the  others.  It  is  therefore  likely  that 
over  a  given  range  all  fields  are  scaling. 

We  may  add  that  our  current  understanding  of  inter¬ 
mittency  (  e.g.  Batchelor  (1969)  or  Curry  et  Al.(1982)) 
as  the  frequent  transitions  between  quiescence  and  chaos 
leadtus  to  doubt  the  existence  of  a  well-defined  tran¬ 
sition  (  such  as  the  "  meso-scale  gap")). 

THE  VERTICAL  STRUCTURE 

Perhaps  the  most  serious  objection  to  the  hypothesis 
of  a  -scaling  behaviour  of  atmospheric  motions  arises 
from  the  special  jQle  o£  the  vertical  axis.  Indeed, there 
has  been  a  delugeVpapers  based  on  non-scaling  techniques 
which  reject  implicitely  a  priori  any  possibility  of 
vertical  scaling  (  e.g.  "  one  point  closures  ") .  In 
what  follows,  it  will  be  apparent  that  this  rejection 
has  had  unfortunate  consequences. 

The  vertical  direction  plays  a  key  role  for  the 
following  reasons: 

i)  The  gravity  field  defines  a  direction  at  every  point. 

ii)  The  atmosphere  is  globally  stratified. 

iii)  It  has  a  well  defined  thickness  (  exponential 
decrease  of  the  mean  pressure). 

iv)  The  fundamental  sources  of  disturbances  are  the 
vertical  shear  and  the  buoyancy  force  (e.g.  the  Jfelvin- 
Helmotz  instability). 

In  the  following,  we  examine  the  possibility  that 
the  atmosphere  is  in  fact  scaling  in  the  vertical  as 
well  as  in  the  horizontal  direction.  To  do  so,  we 
examine  the  wind  and  temperature  fields,  attempting  to 
capture  two  basic  and  conceptually  distinct  properties 
of  these  fields: 

Scaling:  The  scaling  relation  relates  the  fluctua¬ 
tions  A  X  of  a  field  X  for  large  scales^Az  CX»1)  to 
the  smell  scales  Az  by: 

X(AAz)  S  X(Az) 

where  H  is  the  scaling  parameter  and  means  equality 
in  probability  distributions.  Note  that  the  exponent  of 
the  corresponding  power  spectrum  (-fl)  is  related  to  B 
by  p  »  2H  ♦ 1 ,  in  the  case  of  finite  variance. 


i 
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Interaidency :  This  is  directly  connected  with  the 
probability  law.  One  is  particularly  interested  in  the 
tail  of  this  law,  since  it  controls  the  relative  frequen¬ 
cy  of  che  extreme  (intermittent)  behaviour.  For  instance, 
if  Che  distribution  has  an  algebraic  fall-off  at  large 
fluctuations,  then  che  degree  of  incermittency  can  be 
characterised  by  the  exponent  «t(the  hyperbolicity) : 

Pr (AX’>AX)-«.  AX-*;  AX»1 
where  "Pr"  denotes  "probability”. 

This,  kind  of  distributions  have  been  invoked  in 
other  fields  of  physics  (e.g.  "  Holtsmark  distribution". 
Feller  (1971),  see  Mandelbrot  (1982)  for  other  examples), 
and  are  usualy  called  "  hyperbolic  distributions”.  Beha¬ 
viour  of  this  sort  was  predicted  for  the  non-linear 
flux  of  energy  in  turbulence  according  to  a  phenomenolo¬ 
gical  model  of  intermittency  (Mandelbrot (1 974) ) . 

Note  that,  in  the  case  of  hyperbolic  distributions, 
all  moments  of  orderotor  higher  diverge,  a  fact  that  that 
has  important  consequences.  Levy  (1937)  and  Feller  (1971) 
are  standard  texts,  in  the  case  «<  <  2,  (cf.  the  Levy- 
stable  laws  which  form  a  convolution  semi-group) . 

He  shall  primarly  be  interested  in  the  vertical 
fluctuations  of  the  horizontal  velocity  field  (  dv)  and 
in  the  buoyancy  force  per  unit  mass  acting  across  a  layer 
of  thickness  dz  :  df  ■  gd  Ln  4,  where  4  is  the  potential 
temperature,  and  g  the  accelaration  of  gravity.  These 
quantities  are  related  to  two  fundamental  frequencies: 
that  of  the  vertical  shear  (  s  )  and  che  Brunt-Vaisala 
frequency  (  n  ) : 

2 

s  *  dv/dz  and  n  •  gdLn4  /dz  ■  df /dz 

The  ratio  of  the  squares  of  these  frequencies 
defines  che  dimensionless  Richardson  number  : 

Ri  -  n2/s2 

The  shear  frequency  characterises  the  dynamical 
processes,  and  the  Brunt-Vaisala  frequency,  the  stabili¬ 
ty  (and  gravity  waves) .  The  dominant  process  has  che 
highest  frequency.  To  determine  their  scaling  regime, 
Fourier  analysis  could  be  used.  Here,  we  analyse  direct¬ 
ly  the  scaling  of  che  probability  law  by  measuring 
quantities  across  atmospheric  layers  of  thickness  A  z. 
This  has  the  advantage  that  it  enables  the  scaling  para¬ 
meters  (H's)  and  che  hyperbolicities  (et's)  to  be 
obtained  simultaneously .  He  therefore  define: 

s2(Az)  •  v2(Az)/4z2;  n2(4z)  *  gALn4(Az)/Az 

RiU  z)  •  n2  (4  z)  /  s2(  4  z) 


DATA  ANALYSIS 

S,  n,  Ri  were  evaluated  from  the  high  resolution 
radiosonde  data  obtained  in  the  1975  experiment  in 
Landes,  France.  4,  v  and  the  humidity  were  obtained 
every  second  (.w3m  Tn  the  vertical)  and  processed  to 
yield  low  noise  data  every  5s  (  15-20m,  see  Tardicu  (1979) 
for  more  details).  All  estimates  of  n,  s,  Ri  were  made 
over  layers  at  least  50m.  chick,  and  from  the  ground  up 
to  che  arbitrary  height  of  6km.  The  data  examined  are 
from  80  soundings  taken  at  3  hour  intervals  at  Landes. 

From  the  Log-Log  plots  shown  in  Fig.  1,  2,  3  it 
can  easily  be  verified  that  the  probability  distributions 
of  Av,  Af  and  Ri  exhibit  both  scaling  and  hyperbolic 
behaviour.  The  easiest  way  to  see  this,  is  to  recall 
Chat  for  hyperbolic  distributions  : 

Fr(4X’>4X)  (  Jl/iX*)'^ 

AX*  is  the  "width"  of  che  distribution,  or  the  amplitude 
of  the  fluctuations.  Scaling  implies  then  that  the  width 
grows  with  the  separation  as  : 

4X*(  A  a)  s  A  zH 

this  is  observed  by  the  constant  shift  H  Log2  for  each 


doubling  of  the  separation  A  z.  The  value  (-K)  is  the 
slope  of  the  straight  line  asymptote. 

He  obtain: 

a  >3/5  o.  as  5 
£ne:*/10  *Le~J°/3 

“Ri  1  “<Ri  1 

The  H's  and  K's  are  given  rational  expressions, 
since,  as  explained  below,  they  can  often  be  deduced  by 
dimensional  considerations. 

Another  quantity  of  interest  is  the  flux  of  non¬ 
linear  transfer  of  energy  (C  ).  This  is  the  fundamental 
dynamical  quantity  in  a  turbulent  cascade  of  energy  from 
large  to  small  scales.  He  obtained  a  probability  distri¬ 
bution  by  replocing  Merceret's  aircraft  data.  The  result, 
see  Fig.  4,  leads  to: 

Pr(<‘>€  )~  €  ”*T  «^»5/3 

Merceret  (1976)  obtained  his  value  of  t  by  calcu¬ 
lating  averaged  spectrum  of  horizontal  wind  fluctuations 
every  second  (»w  100m  ). 

He  assume  this  average  to  have  been  taken  over  an 
horizontal  straight  line  (  the  bar  notation  indicates 
a  one  dimensional  spatial  average) . 

THE  TURBULENT  RICHARDSON  NUMBER 

The  fluctuations  fo  the  Richardson  number  are  very 
large,  since  even  its  mean  may  not  converge  (  if 

^Ri  1  ^i-s  fact  seems  to  have  been  recognised  since 
a  Tong  time  if  one  considers  the  series  of  "modified" 
Richardson  numbers  (  based  on  the  ratio  of  two  statistics 
and  not  the  ratio  ot  the  random  variables  s  and  n) ,  for 
instance  the  Richardson  of  flux  Rf . 

The  erratic  nature  of  Ri  is  directly  related  to  the 
phenomenon  of  intermittency,  since  it  controls  the  onset 
of  turbulence.  Its  law  can  be  easily  understood  since  s 
and  n  are  weakly  correlated  (f  •  .048  -  .018)  and  have 
a  non-zero  probability  density  at  the  origin  (e.g. 
Student' s  distribution)  and  thus  lead  to  a  Cauchy-type 
law. 

ELLIPTICAL  TURBULENCE 

Considering  the  velocity-field,  we  find  an  exponent 
of  the  vertical  scaling:  H  »3/5  .  This  exponent  is 
confirmed  by  Adelfang  (1971)  up  to  14  km,  and  Endlich  et 
A1.0969)  found  p ■  5/2  (  thus  ,  H  »  3/4)  up  to  16  km. 

The  slight  discrepancy  of  the  latter  result  seems  due  to 
considerable  interpolation  of  the  data.  In  any  case,  no 
evidence  of  characteristic  vertical  length  scales  is 
found. 

A  similar  result  was  predicted  almost  25  years  ago 
for  the  directionaly  averaged  spectrum  in  the  so-called 
"buoyancy  subrange",  by  Obukhov  (1959),  and  independenly 
by  Bogliano  (1959).  The  vertical  scaling  can  be  thus 
deduced  by  the  same  derivation  or  by  considering  directly 
the  physically  meaningful  quantity  ^  the  flux  of  buoyan¬ 
cy  force  variance  .  The  latter  derivation  has  the  advan¬ 
tage  that  it  does  not  depend  on  the  Boussinesq  approxi¬ 
mation: 

f(4z)  ■  r'(s:)  Af2(4z) 

where  ?(4z)  is  a  characteristic  time  for  the  transfer 
process.  Dimensional  analysis  yields  : 


A  v(  A  z) 


*(0z),/5Az3/5 


While  the  quite  different  Kolmogorov  scaling  is  supposed 
to  hold  in  the  horizontal: 


4  v(  A  x) 


t  (Ax)1/3Ax'/3 


Objects  which  scale  in  the  same  way  in  all  direc¬ 
tions  are  called  self-similar  fractals  because  the  large 
scale  can  be  simply  viewed  as  a  magnification  of  the 
small  scale.  In  the  atmosphere,  we  have  argued  that 
scaling,  although  present  in  all  directions,  and  over  a 
wide  range  of  lengths,  is  quite  different  in  the  vertical 
and  horizontal.  Large  scale  structures  can  no  longer  be 
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Fig. 1  :  Tha  probability  distribution  of  fluctuations 
in  the  quantity  &v*(Ad  where  v  is  tha  horizontal 
velocity,  for  diffcrant  vartical  layers  as  follows  : 
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X:  AZ- 

3200m. 

Fig. 2:  Tha  probability  distribution  of  fluctuations 
of  th  buoyancy  force  .  Saaa  symbols  as  in  Fig.1. 


simply  regarded  as  large-scale  copies  of  smaller  ones.  In 
addition  to  magnification,  we  must  also  stretch.  This 
can  be  expressed  as  follows  : 


Av(  Gv  Ax)  ^  AHAv(Ax)  (3) 

(  x  «  (x,  y,  z)),  the  group  (  £  ,  XH)  is  a  kind  of 

renormalization  group,  and  behaves  as  : 

'  X  0  O 

o  X  o 

A  o  o  y* 

It  introduces  an  elliptical  geometry,  futhar  exploi¬ 
ted  in  Schertzer  at  Al. (1983)  with?more  general  expres¬ 
sion  of  Here,  H  -  1/3/3/5»5/9*D  .-23/9, 

Fig- ,5  shows  how  a  small  vertically  oriented  cross- 
section  of  an  eddy  is  transformed  at  larger  scales.  The 
magnification  and  stretching  process  transforms  the  ver¬ 
tically  oriented  "convective"  type  eddy  into  a  large 
horizontally  oriented  "Hadley"  type  eddy.  Note  that  ^ 
transforms  the  statistical  properties  of  the  eddies. 


with  Hz  -  H/Hv 


This  thransfotmation  increases  the  volume  of  an 
eddy  by  the  factor 

X  X.  'X®*  .  x  0,1  ;  Dtl-  2*HZ 

In  an  isotropic  three  dimensional  turbulence,  H  ■  1 
B  •  3,  and  in  the  isotropic  two-dimensional  case, 
H*1-  0  and  0  ,  •  2.  Wtitting  the  above  relationship 
ij  the  form  ?  0 

Dot  g  •  X  «1 

we  are  lead  to  the  more  general  definition  of  Dgl  : 

B  .  •  Tr(  dGJdi  ) 

*  1-1  . 

The  number  N(  (  )  of  eddies  of  horizontal  scale  £  may 
now  be  written  : 

H(?)  ^’".l 


Fig. 3:  The  probability  distribution  of  fluctuations 
in  the  quatity  £Ln  8(  A  2)  /  Ri  A  z,'  Ri  being 

the  Richardson  number.  Same  symbols  as  in  the  pre¬ 
vious  figures.  The  curves  for  100,  400,  1600m 
have  been  suppressed  for  clarity  of  presentation. 


THE  SPHERO-SCALE 

The  distinction  between  isotropy  and  anisotropy 
is  profound.  An  horizoncal^cross-section  will  have 
an  area  proportional  to  i  "  whereas  a  vertical  cross- 
section  will  have  an  area  proportional  to£  *  ?  Their 
racio  gives  a  quantitative  measure  of  the  verticalness 
of  the  vortex. 

There  therefore  exist:  a  scale  at  which  this  ratio 
is  1,  the  turbulence  appears  the  as  itotropic  three- 
dimensional  :  the  horizontal  and  vertical  fluctuations 
have  the  same  amplitude.  This  scale,  that  we  call 
"sphero-scale"  for  obvious  reasons,  will  depend  on  the 
relative  fluctuations  of  £ and  f  (due  to  equations  1  and 
2)  both  of  which  show  large  fluctuations.  The  size  of 
this  scale  may_vary  in  an  extremely  erratic  manner, 
unless  f  and  fare  totaly  dependent. 

STOCHASTIC  STRATIFICATION 

By  the  action  of  stratification  may  be  seen 
rather  as  che  result  of  a  stochastic  process,  hence  a 
"  stochastic  stratification  ".  Fig.  6a  shows  an  iso¬ 
tropic  gaussian  field  with  H  -  1/2  and  D  ,  »  2,  Fig. 6b 
shows  the  corresponding  field  for  D  «  i3/2  (the 

same  white  noise  field  was  used  in  both  cases  co 
generate  via  Fourier  transforms,  the  random  fields). 

Investigations  of  this  process  for  the  logarithm 
of  the  pressurefmd  the  temperature  will  be  pursued 
elsewhere.  Note  that  the  hydrostatic  relation  is  reco¬ 
vered  by  assuming  that  the  vertical  scaling  of  Log  p 

has  the  parameter:  H  ,,  .  •  1 . 

v(Log  p) 

INTERMITTENCY 


Fig. 6a  :  A  random  isotropic  field  with  H-  1/1,  the 
intensity  of  the  field  is  proportional  to  the  shade 
of  the  grey . 


Intermittency  expresses  che  fact,  that  ,  roughly 
speaking,  che  turbulence  doesn't  fill  all  the  volume 
of  the  space  available  to  it  the  "spottiness”  of 
turbulence  (Batchelor  and  Townsend( 1 949) ,  Batchelor 
O 9SJ)).  This? related  to  Leray's  (1933)  conjecture  on 
the  existence  of  a  set  of  singularities  of  the  Euler 
equations. 

Kolmogorov  (1962)  and  Yaglom  (1966)  presented  a 
corrected  spectrum  to  cake  into  account  intermittency, 
by  assuming  a  log-normal  distribution  of  f  .  Orszag 
(1970),  Mandelbrot  (1974)  have  pointed  out  several 
theor-etical  difficulties  with  this  hypothesis  . 

In  particular,  Mandelbrot,  building  u£"an  earlier,  expli 
cit  model  for  "  spottiness  "  (Novikov  and  Steward  (1964)) 
showed  Chat  log-normality  may  only  he  expected  under 
rather  special  conditions,  whereas  hyperbolic  behaviour 
wes  likely.  This  latter  possibility  was  unfortunately 
dropped  in  Kraichnan((1974)  and  Frisch  et  A1  (1978), 
and  subsequent  works  which  retained  only  the  notion  of 
che  fractal  dimension  of  the  support  of  turbulence,  D  . 

Mandelbrot's  model  is  in  fact  quite  general  and  3 
can  be  divided  in  two  cases.  The  first  is  "curdling",  it 
generates  eddies  strictly  into  eicher  completely  "dead" 
or  uniformly  "accive''regions  at  each  stage  of  the  cas¬ 
cade.  It  is  often  refered  as  the  "f-model".  This  is  the 
only  case  where  no  divergence  of  moments  occurs  whatever 
the  dimension  of  che  spetial  average.  The  second 
case  is  "weighted  curdling"  where  active  regions  ne 
AtfVt  uniform  intensity.  Schertzer  and  Love’oy(198J! , 
who  exceeded  this  model  to  the  case  of  "elliptical 
turbulence",  stressed  the  fact  that  in  this  case  diver¬ 
gence  occurs  for  any  spatial  average  of  dimension  D. 
such  as:  D  -  D  <  D.  <  D  ,-D_  A 

•  1  I  A  II  w 

where  D«» characterises  the  dimension  of  the  "very  active 
regions".  They  proposed  that  this  latter  case  could  be 
called  "*< -  model",  because  of  the  hyperbolic  exponent 
it  introduces. 

Note  that  the  various  dimensions  intervening  in 
the  case  of  che  "e(-  model"  may  be  interpreted  in  terms 
of  a  "multi-fractal”  (Parisi,  private  communication, 
(1963))  composed  of  different  fractals  ,  on  each  of 
them  the  velocity  field  has  a  certain  scaling  (i.e.  a 
certain  -  singularity  type,  described  by  its 

scaling  parameter) . 

The  experimental  results  obtained  indicate: 

23/9  -  Dtl  >  0,  >  Dtl-  1  ;  D$  >  D„ 


Fig. 6b  :  An  example  of  stochastic  stratification.  This 
figure  is  the  same  as  Fig. 6a,  except  that  D  1.5  , 
instead  of  2  (  both  figures  are  obtained  by  taking 
the  same  gaussian  white  noise  )  .  In  one  direction,  H  -1 
and  in  che  direction  perpendicular  ,  H-  1/2  ,  the 
"sphero-scale"  has  a  value  of  '^•IZ  of  the  length  of 
one  side  of  the  figure. 


DIVERGENCE  OF  THE  FIFTH  MOMENT  OF  THE  VELOCITY 

Since  we  may  assume,  either  on  physical  arguments 
or  only  dimensional  arguments  (  see  equation  2): 

£r<U)  &  1v3U*)/4x 

hence:  ■  of  /3 

t  v 

thus  our  present  resulcs  based  on  radiosonde  data  and 
Mercert's  ones  confirm  :  oc  5  ;  ^  •»  5/3;  ^  ■  1 

V  1  ft 


This  shows  slso  chat  various  fields  may  be  noe  only 
related  by  simple  algebraic  equations  satisfied  by  their 
scaling  exponent*  tha  same  should  be  true  for  their 
hyperbolic  exponents. 

For,  instance  relation  between  dynamics  and  rain- 
field  is  urgently  needed  ,  because  it  is  a  case  where 
numerical  modeling  is  notoriously  difficult.  Indeed  . 

?joy  (1981)  shows  thatchanges  of  the  rate  of  rain 
-3  isolated  storms  hast  an  hyperbolic  law  ,(*<  *  5/3  , 
but  this  quantity  is  a  2-D  lagrasgian  statistic  ,  and 
f  is  a  1-D  eulerian  one  in  our  study)  . 

An  interesting  feature  of  hyperbolic  distributions 
is  that  they  are  presumably  related  to  the  classical 
phenomenology  of  meteorological  fields  :  Mandelbrot  and 
Wallis  (1969)  pointed  out  that  they  have  the  effect  of 
causing  chat  the  largest  fluctuations  have  an  overwhel¬ 
ming  effect,  which  they  called  "Noah  effect".  This  is 
invdtigated  in  detail  for  the  horizontal  rain  areas 
by  Lovejoy  (1981),  Love  joy  and  Mandelbrot  (1982)  . 

Fig. 7  shows  an  "hyperbolic  fractal  animal"  obtained 
by  stochastic  simulation  in  an  anisotopic  space  :  one 
main  "animal"  dominates  the  smaller  ones.  It  could 
correspond  to  a  vertical  section  of  a  rain-field. 

HYPERBOLIC  RENORMALIZATION  AND  ELLIPTICAL  TURBULENCE 

The  results  obtained  here  Wlr:.*  lattf  doubt  the 
renormalization  procedures  used  in  turbulence.  Usually 
called  "spectral  closures"  (e.g.  Herring  et  A1  (1983)', 
they  have  been  developed  in  a  quasi-gausaian  framework 
which  is  no  longer  tenable  if  the  hyperbolic  behaviour 
of  the  different  fields  is  confirmed. 

Conversely;  placing  renormalization  procedures  in 
an  hyperbolic  context  should  be  particularly  rewarding  , 
since  renormalization  has  encountered  ,  in  the  quaai- 
gaussian  context  ,  three  closely  linked  fundamental 
difficulties  :  random  gallilean  invariance  ,  renormali¬ 
zation  of  the  vertex,  intermittency .  Until  now,  the 
two  former  have  been  overcome  only  by  more  or  less 
ad-hoc  procedures.  By  stating  the  problem  of  intermit¬ 
tency  as  the  problem  of  renormalizing  in  a  hyperbolic 
context  ,  it  suggestxto  develop  what  one  might  call 
"hyperbolic  renormalization". 

On  the  other  hand,  the  "fractally  anisotropic" 
f ram* .work  of  the  "elliptical  turbulence"  (  i.e.  a 
scaling  anisotropy)may  also  be  essential  to  overcome 
difficulties  encountered  in  anisotropic  cases  where  so 
far  only  formal  manipulation  of  renormalization  schemes 
have  succeded  (  e.g.  Kraichnan  (1964)7. 

CONCLUSION  AMD  COMMENTS 

We  have  investigated  the  scaling  and  the  hyperbolic 
behaviour  of  the  vertical  shear,  the  buoyancy  force  and 
the  Richardson  number. 

We  think  that  the  hypothesis  of  a  dimensional  transi¬ 
tion  (2D/3D)  between  large  scales  and  small  scales  is  no 
longer  tenable  either  theoretical ly,or  empirically. 

The  observed  structure,  of  the  atmosphere  can  be  ex¬ 
plained  by  a  simpler  hypothesis;  it  is  anisotropic  and 
scaling  throughout ,  a  fact  that  can  be  characterised  by 
the  "elliptical  dimension!":  D  .  *  23/9  -  2.56» 

(i.e.  "two  plus  the  scaling  of  Kolmogorov  over  the  one 
of  Bogliano  and  Obeukkev  )  . 


On  the  other  hand  ,  intermittency  plays  a  key  role 
at  the  different  scales  ,  due  to  the  low  hyperbolic  ex¬ 
ponents  observed.  In  particular  as  a* ,  5  ,  tha  fifth 

statistical  moment  of  thavelocity  field  may  diverge  , 
and  as  *,>  1,  even  the  statistical  mean  of  the  Richard¬ 
son  ruaber  msy  diverge.  This  points  out  that  use  of 
theory  bated  on  limited  expansions  in  Ri  (e.g.  Lilly 
(1983) )  are  to  be  understood  in  a  widely  intermittent 
context  :  there  is  no  uniform  separation  between  vaves 
and  turbulent  regimes. 

This  new  schema  of  atmospheric  turbulence  introduces 
some  new  notions  which  have  been  briefly  discussed 
(e.g.  the  sphero-acale,  which  is  not  a  characte¬ 

ristic  scale);  the  "  Stochastic  stratification"  )  . 


Fig.  7:  An  example  of  a  hyperbolic  fractal  animal  on 
an  anisotropic  spac*  with  dimension  DeJ»1.80.  The  log 
intensities  are  indicated  by  the  intensities  of  grey. 
This  model  is  on  an  800X800  point  grid  and  the  sphero— 
scale  has  the  value  of  30  pixels.  The  fine  structure 
is  therefore  oriented  perpendicularly  to  the  overall 
shape. 

On  the  other  hand  ,  intermittency  plays  a  key  role 
at  the  different  scales  ,  due  to  the  low  hyperbolic  ex¬ 
ponents  observed.  In  particular  as  “(y<v5  ,  the  fifth 
statistical  moment  of  the  velocity  field  may  diverge  , 
and  aval  ~1,  even  the  statistical  mean  of  the  Richard¬ 
son  number  may  diverge.  This  points  out  that  use  of 
theory  based  on  limited  expansions  in  Ri  (e.g.  Lilly 
(1983> )  are  to  be  understood  in  a  widely  intermittent 
context  :  there  is  no  uniform  separation  between  waves 
and  turbulent  regimes. 

This  new  scheme  of  atmospheric  turbulence  introdu¬ 
ces  some  new  notions  which  have  been  briefly  discussed 
(.the  "sphero-scale  ",  "stochastic  stratification"...) 

We  questioned  the  relevance  of  certain  of  the  usual 
assumptions  of  existing  renormalisation  methods  in 
che  case  of  strongly  intermittent  and  anisotropic  flows. 
It  is  hoped  that  the  phenomenonology  of  the  different 
animals  crowding  che  meteorological  zoo  (e.g.  front* 
bands  .  dust  devil*  blocks  etc.)  may  be  understood 
a*  the  result  of  scaling  in  an  anisotropic  hyperbolic- 
ally  intermittent  context  (in  particular,  the  "Noah 
effect')  . 

Although, far  more  work  is  needed  to  provide  defin- 
ate  answers  co/different  question*  we  may  safely 
conclude  that  atmospheric  turbulence  is  fractally 
homogeneous  (highly  intermittent),  and  fractally 
anisotropic  (anisotropic  scaling)  . 
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ABSTRACT 

The  spatial  nonuniformities  and  the  interactions 
between  the  components  determine  the  flow  behavior  of 
multicomponent  systems.  A  space/time  averaging  approach 
of  the  governing  equations  modelling  these  factors  is 
presented  in  this  paper.  It  is  defined  for  a  weighted 
averaging  volume  which  is  related  to  the  local  scale  of 
turbulence.  Numerical  solutions  for  concentration  and 
velocity  distributions  are  obtained  using  integral  fi¬ 
nite  vol-ime  techniques.  The  predictions  are  compared 
with  good  results  tc  multi-species  particle  slurry  flows 
in  pipelines. 

INTRODUCTION 

The  hydraulic  handling  of  bulk  materials  of  broad 
size  distribution  (coal,  limestone,  etc.)  is  widely 
applied  in  mining,  chemical  and  other  industrial  pro¬ 
cesses.  Despite  the  large  area  of  application,  the 
known  models  do  not  completely  satisfy  the  scientific 
rigor  and  engineering  needs  for  numerical  predictions. 
Increased  research  activities  have  been  oriented  in  this 
domain  in  the  last  few  years. 

This  paper  presents  a  model  for  the  turbulent  flow 
of  multi-species  particle  suspensions,  in  which  a  new 
sec  of  equations  is  derived  using  a  space/time  averaging 
approach. 

The  ceaiporal  nonuniformities  in  single  fluid  tur¬ 
bulent  flows  are  shown  in  che  mean  flow  equations  using 
time  averaging.  The  Reynolds  stresses  appear  in  this 
way  in  momentum  equations  and  have  predominant  values 
compared  to  che  viscous  stresses.  To  express  the  spatial 
nonuniformities  in  multicomponent  flows  it  is  also  nec¬ 
essary  to  average  che  governing  equations  by  volume.  As 
che  time  averaging  yields  terms  showing  new  qualitative 
effects,  so  che  space  averaging  is  expected  to  reveal 
not  only  quantitative  changes  of  che  nonlinear  terms  but 
also  some  new  qualitative  aspects  of  the  component  inter¬ 
actions 

The  formulation  of  che  governing  equations  for 
heterogeneous  flovs  has  been  done  either  by  considering 
each  phase  separately  wlch  corresponding  Interaction 
terms,  by  assuming  a  continuum  medium  with  averaged 
field  quantities,  or  by  using  volume  averaging  (see  Soo, 
1967:  Whitaker,  1973;  Hestroni.  1982).  The  local  volume 
averaging  procedure  for  multiphase  systems  may  be  per¬ 
formed  in  various  ways  related  to  che  specific  flow  con¬ 
ditions  (for  porous  media  Slattery,  1967;  for  fluidized 
beds,  Anderson  and  Jackson,  1967;  for  boiling,  Vernier 
and  Delhaye,  1968,  etc.).  In  this  paper  we  discuss  an 
averaging  approach  specifically  for  multicomponent  tur¬ 
bulent  flow. 

The  spetial  nonuniformities  in  multi-species  parti¬ 
cle  flow  are  reflected  in  che  random  distributions  of  che 
flow  components,  as  well  as  in  particle  cluster  formation 
in  shear  suspension  flows.  The  spatial  nonuniformities 


strongly  affect  the  non-linear  terms  in  the  equations  of 
motion.  To  analyze  the  multicomponent  flows,  we  suggest 
a  weighted  averaging  by  a  local  volume  whose  dimensions 
are  related  to  the  length  scale  of  turbulence.  The 
weighted  averaging  is  appropriate  since  it  is  known  chat 
the  spatial  cross-correlations  in  turbulent  flow  decrease 
with  che  space  interval.  The  computation  of  the  compon¬ 
ent  velocities  and  concentrations  is  performed  using  an 
appropriate  integral  finite  volume  technique.  The 
results  are  compared  with  a  large  set  of  experimental 
results  considering  one  to  five  species  of  particles 
(of  size  up  to  d  5  13  mm)  flowing  with  water  in  various 
pipes  (rectangular,  circular  D  -  40-495  mm). 

In  the  space  allowed  by  this  paper  we  detail  as¬ 
pects  related  to  the  momentum  equation  and  concentration 
calculation. 

COMPOSED  AVERAGED  EQUATIONS 

The  local  volume  averaging  of  the  differencial  equa¬ 
tions  has  to  be  performed  in  agreement  with  the  averag¬ 
ing  of  the  quantities  used  in  equations.  A  typical  sit¬ 
uation  is  when  the  temporal  averaged  measurement  of  the 
considered  quantities  is  taken  over  a  prescribed  volume 
or  surface.  This  is  the  case  for  our  velocity  measure¬ 
ments  reported  later  in  the  paper.  Another  situation 
occurs  when  che  time  dependent  flow  is  analyzed  using 
the  Instantaneous  spatial  averages  in  the  equations.  In 
this  case  che  averaging  space  Is  related  to  the  flow  con¬ 
ditions.  Sometimes,  the  volume  averaging  may  be  also 
considered  to  improve  che  continuity  and  derivability  of 
the  variables.  The  spatial  averaging  has  a  supplementary 
meaning  and  computational  significance  when  finite  volume 
techniques  are  employed.  All  these  situations  are 
covered  by  the  weighted  average  by  volume  proposed  in  the 
following  paragraph. 

Alternatively,  to  calculate  che  Instantaneous  point 
variables  one  must  use  che  time  dependent  equations  with 
a  very  fine  grid  compared  to  the  length  scale  of  turbul¬ 
ence  and  a  small  timescep.  This  approach  was  tested 
only  for  single  fluid  flow  in  small  domains  and  proved 
to  be  very  expensive  and  thus  without  immediate  practical 
interest. 

Space/Time  Averaging  Approach 

Let  us  consider  a  flowing  mixture  of  N  solid  com¬ 
ponents  in  an  incompressible  fluid.  The  space/time  aver¬ 
age  of  a  function  f  for  che  K-th  component  at  a  position 
T  and  time  t,  in  steady-state  mean  flow,  is: 

C+DT/2 

f*  *  4  <a(r,t)>  •  <f(r,t)>K  •  dr  (1) 

01  ' t-6T/2  K 

where: 

<a(£,t)>g  -  bulk  space  averaged  concentration  for 

che  K-th  component 


where :  r  ■  |£-rj /VR 

In  which  £  and  £  are  on' Che  same  scream 
cube,  and  Vg  is  che  mean  velocicy  of  che 
K-ch  component. 

Vi(t)  •  V’(t-x) 

R^x-t)  -  *  -  (6) 


R^(x-t)  is  che  Eulerian  time  correlacion 
(t+At/2 

|  K(r,x)  ■  R_(t— e)  •  dt  -  Z_  •  <a(r,t)>_  (7) 

' t-At/2  * 

in  which  Z_  is  che  Eulerian  time  scale  for  che  K-ch  com¬ 
ponent  . 

The  time-space  averaging  operator  (1)  becomes  a 
double  time  averaging  operator: 


t+AT/2  p 

t+At/2 

r 

«  L-AT/2  £ 

-  f(r,x)  •  K(r, x)  • 

K  1 t-dt/2 

Rj,(x-t)  •  dx] 

•  dt 

(8) 

A_local  instantaneous  value  differs  from  the  main 
value  fK  by  two  fluctuating  components:  one  reflecting 
the  spatial  nonuniformities  (f£)c,  che  second  the  time 
nonuniformities  of  the  spatial  average  (fg)T: 


f'  •  f  -  f*  -  (f'j  +  (f'j 
K  K  urt  K;T 

where:  «i>e  -  **  -  <V* 

(fi»T  *  V  *  \ 


(9) 


0  -2—  (o'  (U  U  V)  +  a  U1  U1-  + 
BK  3Xj  1  Kv  Ki  KJ  '  K  Ki  Kj 


t+AT/2 
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(11) 


where:  i,J  *  x,y,z 

f  is  a  simplified  notation  of  f* 

f'  -  fluctuating  part  of  f  given  in  (9) 

Di,»  Ul,  -  projections  of  the  fluctuating  velo- 
B  city,  in  che  i  and  J_  directions, 
respectively. 

I  [ - ]  -  projection  in  the  i  direction  of  the 

-K  interactions  due  co  other  flow  components 
K’  *  1,  N_g,  including  viscous  friction, 
collisions  and  Coulomblc  contacts  be¬ 
tween  components. 

m  -  denotes  Che  number  of  an  interface  be¬ 
tween  K  and  other  component  K'  passing 
through  r  during  che  interval  dt. 

Ujgj,  -  velocity  vector  of  the  interface  point 
crossing 

-  stress  tensor  between  the  K-th  and  K'-th 
components 

n^  -  unit  normal  vector  to  component  K 

e.  -  unit  vector  in  the  i  direction 


Assuming  low  correlations  between  ag  and  pg  (i.e. 
cigpg  neglected)  che  following  terms  in  equations  (11) 
have  to  be  modeled: 


KZ 


Ji 


K  KI 
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and 


interaction  terms  I  [....] 


Averaged  Consarvatlon  Equations 

The  local  Instantaneous  conservation  equation  can 
be  written  for  each  component  K,  as  well  as  for  the 
entire  mixture,  in  a  general  form: 

(0  *)  +  9  •  (MJ)+>J-S*0  (10) 


To  obtain  engineering  models  for  these  terms  we  fol¬ 
low  the  steps:  (1)  find  the  physical  interpretation, 

(2)  identify  the  local  parameters  (dimensionless  num¬ 
bers,  ratio  particle  size/turbulence  scale,  etc.)  affec¬ 
ting  the  terms,  and  (3)  propose  constitutive  equations 
based  on  comparison  of  the  mean  flow  predictions  with  a 
large  set  of  experiments. 


where:  o  -  density 

0  -  velocity  vector 

*  -  specific  quantity  attached  to  mass 
■J  -  flux  term 
S  -  source  term 


By  averaging  for  each  component  K  »  1,  N  the  con¬ 
servation  equations  of  mass,  momentum  and  energy  dissi¬ 
pation  one  obtains  a  new  system  of  equations  to  deter¬ 
mine  mean  velocity,  concentration  and  turbulence  index 
distributions.  He  rearranged  the  equations  in  such  a 
way  for  solutions  to  be  conveniently  obtained  by  an 
iterative  explicit  scheme. 

Let  us  consider  the  momentum  equation  in  the  1_  di¬ 
rection:  pg  corresponds  to  the  projection  of  the  velo¬ 
city  vector,  Jg  to  the  projection  of  the  shear  stress 
censor  and  Sg  to  che  projection  of  the  body  force 
vector. 

The  space/time  averaging  process  of  the  local  instan¬ 
taneous  momentum  equation  in  the  1^  direction  yields  for 
che  K-ch  component  in  sceady-state  regime  without  compo¬ 
nent  generation  (no  attrition)  is: 


eK^(““lCl  V 


°K  “K  >1  *  »T  <“*  P*  +  + 


— i L,  (®g  Tgr  +  ®g  Tgj 
Jx  *  '“■ji  *  R  ji 
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K  kK 


K  K 


We  observe  that  the  tensor  T™.,  in  the  interaction 

_ 

term  I  [ - ]  has  components  corresponding  to  x_.  , 

-K  _  _  KIJi 

aK(UKiV''  “d  UKi^Kj  *  lt  "eans  that  Che 
same  types  of  interactions  occur  between  particles  of 
the  same  species  and  particles  of  different  species,  i.e. 
similar  models  for  both  groups  of  terms  may  be  employed. 
The  physical  interpretation  of  these  terms  is: 

(1)  x  -  stress  transmitted  by  Coulombic  con- 
K  ji 

tacts  between  solid  particles  or  by  viscous 
effects  when  the  flow  component  is  a  fluid. 

The  Coulombic  shear  stress  depends  on  the  nor¬ 
mal  stress  transmitted  by  particle  contacts 
(x  )  and  a  friction  coefficient  (tang)  in- 
“jj 

dependent  of  the  rate  of  strain  (Roco  and 
Shook,  1982): 


tang 


(12) 


where  x  _  can  be  estimated  as  a  supported 
load.  H 


(2)  oRo^  (uKiugj>'  and  °gTgi  "  stresses  caused 

by  elastic  and  plastic  particle  collisions, 
respectively.  The  global  value  of  the  repul¬ 
sive  normal  stress  (o^^  )  acting  between 

°  j 


ibund  layers  of  suspensions  due  to  colli¬ 
sions  dspsnds  on  tha  shaar  strass  rSj  ^  and  a 

coafficiant  of  dynamic  friction  (tan6): 


I  m_K)  + 


flDSj  *  °R 


“+  VT 


°K  1  “-K>  ' 


whsra:  tanS  may  ba  ralatad  to  tha  local 
Froude  number,  talcing  valuaa  about  tanS  •  .5 
(Roco  and  Shook,  1983). 

(3)  oR  °Ki  °Kj  ”  turbul,nt  inartial  stress  dua 

to  tha  random  exchange  of  particles  between 
neighboring  layers.  In  our  study  two  models 
for  this  term  ware  used  in  parallel: 

-  eddy  viscosity  e_  modal  (Bousainesq) 

"J  j 


<14> 

streaatube  diffusion  coefficient  X  model 
(Roco,  1980)  Kji 


O'  O' 
Ki  Kj 


1ST  %  4> 


the  Bousslnasq  model  was  used  in  conjunction  with 
the  transport  equation  for  the  dissipation  rate  (Roco 
and  Balakrlahnan,  1982).  Tha  second  model  was  applied 
for  two-phase  liquid  solid  particle  flow  using  a  speci¬ 
fic  distance  from  the  pipe  wall  (Roco  and  Shook,  1981). 
In  both  approaches  the  mixture  turbulence  parasiacer  is 
obtained  by  taking  the  sum  of  the  contributions  of  all 
the  flow  components. 

the  naw  set  of  equations  resulting  from  the  space/ 
time  averaging  (8)  of  the  conservation  equations  was  re¬ 
arranged  for  an  iterative  explicit  schame  to  calculate 
succeasively  concentrations,  velocities  and  turbulence 
parameter,  tha  concentration  equation  is  detailed 
further  in  this  paper. 

Concentration  Equation 


The  equation  for  the  K-th  component  is  derived  by 
subtracting  from  the  momentum  equation  for  the  K-th  com¬ 
ponent  the  equivalent  mosMntum  equation  for  a  virtual 
mixture  (-K)  composed  from  all  other  components  except  K. 
The  last  equation  is  obtained  by  sualng  momentum  equa¬ 
tions  for  solid  compounds  K'  ■  1,  . ...  K  -  1,  K  +  1,  . .N 
and  for  thejcarrylng  liquid,  multiplying  the  Intermediate 
results  by  a^/a_R  and  space/ time  averaging  (where  n_R  * 


Neglecting  a'p' ,  the  equation  is: 


3x  °K  toK  UKi°Kj  *  jL  °K'  V  ViVj^-K1 


r  (  S  f  r  ’  1  fe-.j;  ’  VT-t) 
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where:  I  denotes  the  sum  over  all  components  except  K. 

-K 

the  "concentration  equation”  for  a  component  K 
(16)  can  be  interpreted  as  an  equilibrium  between  elemen¬ 
tal  forces  acting  on  the  ensemble  of  particles  K,  under 
the  Influence  of  gravitation  (G) ,  relative  acceleration 
(A),  relative  mean  flow  compared  to  other  flow  compo¬ 
nents  (B) ,  mixing  effects  due  to  turbulent  fluctuating 
velocities  of  component  K  (Cl)  and  of  the  virtual  mixture 
-K  (C2),  dispersive  stress  from  particle  collisions  in 
flowing  suspensions  (D1 ,  D2  -  plastic  collisions;  El,  E2 
-  elastic  collisions)  and  Coulombic  contacts  between 
particles  («,  F2 ). 

Let  us  consider  the  equation  (16)  for  the  vertical 
direction  y  in  a  pipe.  In  the  absence  of  the  secondary 
currents  the  term  (A)  vanishes,  the  contributions  of 
the  Interaction  term  between  different  species  ( B )  may  be 
combined  with  the  interaction  terms  between  particles  of 
the  same  species  (C2) ,  ( D2 ),  (E2 )  and  (F2).  the  models 
for  the  characteristic  terms  (12)  -  (15)  are  affected  by 
the  spatial  nonuniformities  in  the  averaging  volume  and 
by  the  ratio  particle  dimension/length  scale  of  turbu¬ 
lence.  Specific  aspects  resulting  from  the  model  appli¬ 
cation  will  be  discussed  later  here. 

Algorithm  for  Velocities  and  Turbulence  Parameter 

The  following  calculation  approaches  were  adopted 
in  previous  work: 

(1)  By  summing  the  corresponding  equation  (11)  in 
the  same  direction  1  for  all  flow  components 
one  obtains  the  mixture  momentum  equation 
where  the  interactions  terms  between  components 
are  reciprocally  eliminated  (similar  to  Roco 
and  Shook,  1982).  Together  with  the  equations 
written  for  the  relative  velocity  between  each 
component  and  the  mixture,  the  system  of  equa¬ 
tions  for  mean  velocities  Vg  can  be  solved. 
Compared  to  Soo’s  (1980),  the  equation  has 

two  additional  terms  due  to  the  dispersive 
stress  and  Coulombic  contacts  between  parti¬ 
cles.  Also,  che  mixture  density  in  the  con¬ 
vective  term  is  weighted  by  che  momentum  flux 
and  che  space/ time  averaging  for  turbulent  flow 
is  applied  in  our  approach. 

(2)  The  transport  equation  for  mixture  eddy  visco¬ 
sity  contains  terms  due  to  diffusion,  genera¬ 
tion,  decay  and  acceleration  (c  model,  Roco 
and  Balakrishnan,  1982) .  A  coherent  calcula¬ 
tion  approach  is  used  for  both  eddy  viscosity 
(used  in  the  velocity  calculation)  and  eddy- 
dlffusivlty  (employed  in  the  concentration 
equation) . 

(3)  For  the  streamtube  diffusion  coefficient  Xg^ 

(15)  a  computational  scheme  was  proposed  which 
superposes  che  effects  of  various  flow  compo¬ 
nents  (X  model,  Roco  and  Shook,  1981). 


3x,  (ok  tki,.  ’  °K  Vi,,  ‘  °K  '  “-K1 
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EXPERIMENTAL 

The  model  has  been  tested  with  data  obtained  in 
closed  loop  laboratory  systems,  using  circular  or  rec¬ 
tangular  conduits.  In  addition  to  the  conventional  de¬ 
terminations  of  frictional  headloss  as  a  function  of  mean 
velocity  (magnetic  flux  flowmeters)  and  slurry 
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Figure  2.  Scheme  for  solid  particle  velocity  probe. 


Figure  3.  Concentration  fluctuation  Cross-correlation 
(R/Rg)  vs.  distance  between  electrods  (x) . 


concentration,  che  particle  concentration  distribution 
was  obtained  experimentally  in  all  che  cescs.  These 
employed  either  gamma  ray  absorption  (chord-average  con¬ 
centrations)  or  a  photographic  technique  (Scarlett  and 
Grumley,  1974).  In  some  of  the  studies,  particle  velo¬ 
cities  were  determined  using  che  probe  shown  in  Figure  2, 
The  amplitude  of  the  cross-correlation,  normalized  with 
the  autocorrelations,  was  determined  a  function  of  posi¬ 
tion  (Brown  and  Shook,  1982). 

For  chls  last  device,  resistivity  changes  resulting 
from  concentration  fluctuations  (o')  produce  voltage 
fluctuations  at  sensor  electrodes  displaced  in  the  ap¬ 
plied  potential  field  normal  to  the  direction  of  mean 
flow.  The  transit  time  for  the  distance  x  is  determined 
by  cross  correlation  of  the  signals  from  the  sensor 
electrode  pairs.  From  this,  a  mean  velocity  for  the 
region  defined  by  the  sensor  electrodes  can  be  deter¬ 
mined.  For  turbulent  slurry  flow,  calibration  studies 
showed  particle  retardation  by  the  probe  to  be  of  the 
order  of  3Z  of  the  local  velocity  provided  conditions 
near  deposition  of  particles  at  Che  bottom  of  the  pipe 
were  avoided.  For  a  properly  aligned  probe,  mean  velo¬ 
cities  varied  little  with  che  location  or  spacing  x, 
provided  a  suitable  displacement  from  che  nose  of  the 
probe  was  maintained. 

In  addition  to  mean  velocities,  the  probe  has  pro¬ 
vided  at  least  a  qualitative  indication  of  the  structure 
of  the  flow  through  comparison  of  autocorrelations  and 
cross  correlations  of  electrode  signals.  With  a  sands 
of  d  *  0.17  am  and  sensor  electrode  displacements  of  the 
order  of  1  am,  autocorrelations  in  pipelines  of  30  and 
300  mm  I.D.  indicate  mixing  lengths  approximately  pro¬ 
portional  to  pipe  diameter. 


With  larger  particles,  of  diameter  greater  than  the 
sensor  electrode  displacement,  che  autocorrelations  sug¬ 
gest  that  the  electrodes  respond  to  the  passage  of  indi¬ 
vidual  particles.  For  the  finer  particles,  it  is  ap¬ 
parently  clusters  which  produce  the  resistivity  fluctua¬ 
tions  to  which  the  device  responds.  Such  concentration 
fluctuations  are  always  visually  apparent  at  che  pipe 
wall  for  slurries  which  display  a  concentration  gradient 
within  the  pipe. 

With  increasing  electrode  pair  separation  distances 
(x  values)  the  amplitude  of  the  cross-correlation  decays, 
presumably  as  a  consequence  of  diffusion  processes. 

Recent  measurements  of  these  amplitudes  (R) ,  normalized 
with  the  autocorrelations  (RQ) ,  are  shown  in  Figure  3 
for  a  0.163  ms  sand  in  a  30  mm  I.D.  pipeline,  at  a  mean 
concentration  of  10Z  by  volume.  For  a  sand  of  similar 
size  in  a  300  ms  pipeline  the  decay  process  was  cor¬ 
respondingly  slower,  requiring  100  mm  to  produce  the 
same  relative  decrease  as  that  produced  at  x  -  10  mm  in 
a  30  an  pipeline. 

APPLICATION  FOR  TWO-  AND  MULTICOMPONENT  FLOWS 

The  general  approach  was  applied  for  uniform  par¬ 
ticle  slurry  flow  in  pipes,  as  well  as  for  multispecies 
particle  mixtures.  The  main  set  of  experiments  used  for 
tests  is  given  in  Table  I,  for  various  materials  sand 
(S  -  2.65),  glass  (S  -  2.7),  coal  (S  »  1.3  -  1.7).  The 
tests  were  performed  at  various  flow  conditions:  pipe 
diameter  between  50  mm  and  500  mm,  concentrations  up. to 
40Z  by  volume,  particle  diameters  up  to  13  mm  and  velo¬ 
cities  up  to  three  times  the  critical  speed.  Samples  of 
experiments  with  sand  and  other  solids  in  rectangular  pipes 
(Roco  and  Shook,  1983)  were  tested  also  with  positive  re¬ 
sults. 


Table  I.  Experimental  Data  in 

Circular  Pipes  Used 

for  Model 

Development 

Run 

No: 

Material 

Specific 

Density 

Pipe 

Diameter 

Particle 

Diameter 

Average 

Velocity 

Average 

Concentration 

- 

- 

S(-) 

D(mm) 

d  (mm) 

VM(m/s) 

o(Z  by  vol.) 

A1-A20 

2.65 

51.5,263,495 

.165 

1.66-4.33 

8.4-34.1 

B1-B6 

sand 

2.65 

51.5 

.48 

1.66-3.44 

6.3-29.6 

C1-C5 

2.65 

50.7 

.52 

1.9  -4.0 

11.4-24.7 

D1-D2 

2.65 

263 

13.0 

3.2  -4.0 

9.5-10.2 

G1-C6 

glass 

2.  7 

40 

.58 

1.05-2.38 

7.0-12.0 

M1-M8 

coal 

(multlspecles  particles) 

1.31-1.73 

158,495 

0-6.5 

1.68-3.16 

,<  45.4 

The  system  of  equations  for  concentrations,  velo¬ 
cities  and  eddy-viscosity  (or  sereaacuba  diffusion  co- 
affidant  raspacelvaiy)  was  solvad  numerically  using 
Integral  Finite  Volume  techniques.  The  calculation  do¬ 
main  is  discretized  and  the  variable  are  chosen  at  in¬ 
terior  nodes.  The  integrals  of  the  differencial  equa¬ 
tions  over  a  finite  volume  are  transformed  to  a  surface 
integral.  The  computation  is  performed  using  the  inter¬ 
faces  between  volumes  to  score  and  count  the  data.  The 
interpolation  law  is  suitable  for  large  convective 
terms.  The  algorithm  can  be  applied  in  2-D  and  3-D 
problems  (Roco  and  Balakrishnan,  1982). 

The  calculation  model  is  applied  for  uniform  flow 
in  linear  sections  of  horizontal  pipes.  The  volume 
averaging  is  reflected  in  the  supplementary  terms  re¬ 
sulted  from  averaging  and  in  their  models.  For  model¬ 
ling  one  can  consider  either  the  statistical  analysis  of 
the  mixture  flow  characteristics  using  local  instan¬ 
taneous  measurements,  or  dimensional  analysis  of  the 
main  local  parameters  in  the  averaging  volume.  For  the 
first  approach  there  is  not  yet  available  a  complete  set 
of  data.  Adopting  the  second  approach,  we  found  the 
main  local  parameters  to  be  the  ratio  between  the  gravi¬ 
tation  and  Inertial  forces  (Fg/F^)  and  the  relative 
dlmenalon  of  solid  particles  compared  to  the  averaging 
volume,  i.e.  the  local  scale  of  turbulence  (d/A)  (Roco 
and  Shook,  1982  and  1983;  Roco,  1983).  The  dispersive 
and  supported  loads  are  determined  by  the  first  local 
dimensionless  parameter.  At  the  same  time,  the  ratio 
d/A  determines  the  predominant  terms  in  equation  (11), 
the  relative  values  of  the  fluctuating  components  (fg)^ 
and  (fg)t,  che  ratio  between  eddy-viscosity  and  eddy- 
diffusivity. 

The  comparisons  with  experimental  data  show  che 
ability  of  che  calculation  model  to  predict  che  velocity 
and  concentration  distributions  in  the  pipe  cross- 
section,  as  well  as  headlosses  along  the  pipe.  In  Fig¬ 
ure  &  it  is  illustrated  che  computed  concentration  dis¬ 
tribution  as  in  single  species  glass  sphere  (d  »  .58  am) / 
water  mixture  flow  compared  to  photography  measurements 
(Scarlett  and  Grlmley,  1974).  In  this  first  test  t  model 
and  Integral  Finite  volume  were  used.  Numerical  predic¬ 
tions  of  concentration  for  multlspecles  coal/water 


slurry  flowing  in  495  mm  pipe  employing  X  model  are 
given  in  Figure  5.  Five  species  of  coal  particles  of 
dimensions  d^  “  4.8  mm,  d2  ■  1.2  am,  d3  *  .51  mm,  d4  « 

.22  am,  ds  ■  .01  am  and  specific  densities  S],  ■  1.7, 

S2  *  1.43,  S3  *  1.23,  S4  -  1.23,  S5  ■  1.23  were  con¬ 
sidered.  The  total  coal  concentration  at  an  elevation 
?  over  the  pipe  bottom  ag  Is  compared  to  gaoona-ray  mea- 
sureaients.  Experimental  and  computed  distributions  of 
concentration  as  and  velocity  for  sand  .165  om/wacer 
mixture  flow  in  51.5  am  pipe  are  presented  in  Figures 
6  and  7.  Measured  and  predicted  headlosses  1  in  a 
50.7  am  pipe  with  flowing  suspension  of  sand  .52  am  are 
plotted  versus  averaged  velocity  in  Figure  8.  The 
comparisons  (Fig.  4-7)  show  the  numerical  simulations 
predict  with  good  approximation  considered  sets  of 
experimental  data. 

The  suggested  general  approach  may  be  applied  to 
steady  and  unsteady  flows,  and  can  be  extended  to  other 
tvo-  or  multicomponent  flow  patterns. 

CONCLUSIONS 

1.  The  suggested  space/tioie  averaging  of  differential 
equations  maintains  a  good  amount  of  information 
about  the  turbulence  phenomenon,  and  reveals  che 
significance  (order  of  magnitude)  of  sooie  terms  In 
che  equations  of  motion  related  to  the  ratio  par¬ 
ticle  dimension/ length  scale  of  turbulence. 

2.  The  computational  approach  for  joulti-species  parti¬ 
cle  turbulent  flow  contains  some  new  components, 
that  are  specific  for  turbulent  flow  of  incompressi¬ 
ble  mixtures.  Integral  Finite  Volume  techniques 
are  imployed  to  numerically  solve  che  system  of 
differential  equations  derived  from  the  conserva¬ 
tion  laws.  The  terms  due  to  particle  Interactions 
are  predominants  at  high  concentrations  and  large 
particles. 

3.  The  tests  performed  with  different  solid  materials 
for  various  flow  parameters  in  pipes  show  a  satis¬ 
factory  agreement  of  the  predictions  to  experimental 
results.  Design  calculations  can  be  made  for  any 
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Flgur«  7.  Experimental  and  calculated  velocity  distribution  of  sand  .165  ma/water  mixture  flow  (Run  Al). 


sec  of  given  parameters.  The  approach  can  be  used 
to  extrapolate  experimental  data  from  laboratory 
to  industrial  situations. 
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ABSTRACT 

A  recently— developed  two-aquation  turbulence  nodal 
for  two-phase  flows  [6]  is  tested  for  the  flow  of  a 
turbulent  axisywmetric  gaseous  Jet  laden  with  spherical 
solid  particles  of  uniform  slxe.  The  agreement  between 
the  predictions  and  experimental  data  is  good. 

INTRODUCTION 

Particle-laden  turbulent  jets  occur  in  many 
engineering  applications.  Pulverised-coal  combustors, 
diesel-engine  sprays,  aerosols  and  rocket  plumes  are 
some  examples.  In  order  to  enhance  the  understanding  of 
the  interaction  between  the  dispersed  phase  and  Che 
carrier  fluid  in  these  jets  parallel  experimental  and 
theoretical  studies  are  needed.  The  used  for  this 
coordinated  effort  stems  from  the  fact  that  until  very 
recently  it  was  impossible  to  find  in  the  literature  a 
well-documented  experimental  study  of  a  two-phase 
turbulent  jet.  In  fact  until  a  year  ago  the  only  two 
available  experimental  studies  of  two-phase  turbulent 
Jets  (1,21  did  not  report  the  radial  profiles  of  the 
main  dependant  variables  ac  the  nozzle  exit.  This 
information  is  essential  for  accurately  predicting  such 
flow  as  it  is  known  that  the  dependence  of  the 
downstream  flow  upon  the  nozzle  conditions  persists  for 
at  leaet  SO  nozzle  diameters  (3J.  The  recent  experiment 
of  Moderreee  at  al  [4,5],  which  waa  performed  in 
parallel  with  the  preaent  work,  provided  a  much  needed 
data  to  help  understand  the  behavior  of  two-phase 
turbulent  jets  end  validate  their  theoretical  models. 
Elghobashi  and  Abou-Arab  [6]  reviewed  existing 
turbulence  models  for  two-phase  flown  and  indicated  that 
thas«  models  ere  beaed  on  ad  hoc  modifications  of 
single-phase  turbulence  models.  They  developed  [6]  a 
two-equation  turbulence  model  for  incompressible  dilute 
two-phaaa  flows  which  undergo  no  phase  changes.  The  new 
model  was  based  on  rigorously  derived  transport 
equations  for  the  two  phases.  The  purpose  of  this  paper 
is  to  apply  this  model  to  the  flow  of  a  turbulent 
exl symmetric  gaseous  Jet  laden  with  solid,  unlform-slzs 
particles  and  compere  the  predictions  with  the  data  of 
Modarrese  at  el  [4,51. 

THE  FLOW  CONSIDERED 

Figure  1  shows  a  sketch  of  the  two-phase  turbulent 
jet  considered  in  this  work.  Air  carrying  uniform  size 
glass  beads  issues  vertically  downwards  from  a 
cylindrical  pipe  of  diameter  D  («.C2  a).  The  jet  is 
enclosed  in  a  cylindrical  container  of  diameter  equal  to 
X  D  to  avoid  ambient  disturbances.  Low  velocity  air 
stream  surrounds  the  nozzle  and  extends  to  the  container 
wall  to  provide  well-defined  boundary  conditions.  Table 
1  lists  the  experimental  conditions  at  0. 1  D  downstream 
of  the  pipe  exit. 


MATHEMATICAL  MODEL 


Equations  of  the  Mean  Motion 

The  mean  motion  of  each  phase  is  governed  by  its 
momentum  equations  in  the  axial  and  radial  directions 
and  the  conservation  of  its  volume  fraction.  These 
equations  were  written  in  Cartesian  tensor  notations  by 
Elghobashi  and  Abou-Arab  (6);  they  will  be  cast  here  in 
cylindrical  coordinates  for  the  axi-symmetric  Jet  flow. 

The  modeled  form  [ 6  J  of  the  mean  momentum  equation 
of  the  carrier  fluid  in  the  axial  (x)  direction  is: 


pl*lUxUx,x  +  pl*lUrUx,r  *  "  V,x~  FWV 
+  ?  (plVvtDx,r\r  +  c-l  plUx,r(S  *l.r> 

♦  CW  ?  rptUx,r),r(^  \r\r 


+  C»5  t  ptDx,r  <«J*l.r\x 
♦ 


(1) 


The  momentum  equation  of  the  solid  phase  in  the  axial 
(x)  direction  is 


p2*2VxVx,x  *  p2*2VrVx,r 


V,x  +  P*2lW  +?  (p2VPVx.r\r 


+  (P2“01)g*2  (2) 

where  c>2  »  0.4  and  cJ5  «  0. 1. 

In  the  above  equations  Che  comms-suffix  notation 
indicates  differentiation  with  respect  to  Che  spatial 
coordinates  x  and  r.  U  and  V  are  respectively  the  mean 
velocities  of  the  carrier  fluid  and  dispersed  phase. 

The  subscripts  1  and  2  denote  respectively  Che  carrier 
fluid  and  Che  dispersed  phase,  p  is  the  material 
density,  (  che  mean  volume  fraction,  p  Che  mean 
pressure,  u.  the  eddy  vlscoslcy  of  che  fluid,  v  che 
kinematic  eddy  viscosity  of  che  dispersed  phase,  $  che 
kinematic  eddy  viscosity  of  the  fluid,  o  the  turbulent 
Schmidt  number  of  the  volume  fraction  and  g  Is  che 
gravitational  acceleration. 

We  assumed  in  che  above  equations  chat  Che 
diffuslonsl  fluxes  in  che  radial  direction  are  much 
larger  chan  chose  in  che  axial  direction  for  che  jec 
flow  considered.  The  momentum  equations  of  both  phases 
in  the  radial  direction  can  be  written  in  a  similar 


•ulnar  and  will  not  ba  presented  her*  due  co  apaca 
limitation. 


Tha  Turbulanca  Modal 


Tha  quantities  F  and 
following  aaccion. 


v 

P 


art  evaluated  In  tha 


The  aodalad  font  of  the  turbulanca  kinetic 
equation  (k)  of  tha  carrlar  fluid;  according  to 
Elghobaahl  and  Abou-Arab  [6]  Is 


Tha  Intern haaa  Friction  Factor  F 

Tha  lnterphaaa  friction  factor  F  la  given  by 

F  -  208  yd2)  .  (3) 

where  d  la  the  particle  dlaaecer,  u,  la  tha  dynamic 
viscosity  of  tha  fluid,  and  2  la  a  correction  factor  of 
the  Stokaa '  drag  law  which  depanda  on  the  particle 
Keynolda  number  and  can  ba  obtained  f row  tha  standard 
drag  curve  of  steady  flow  around  a  sphere  (7]  as  follows 

2  -  1  +  0.1315  y0*#2-0.05  0.01  <  <  20; 

and  2  -  1  +  0.1935  8,0"6305,  20  <  R,  <260  .  (4) 

Tha  particle  Reynolds  number  R,  is  calculated  from 

•  d  |i-»  l/Vj  (5) 

where  |u~v|  is  the  magnitude  of  the  total  relative 
velocity  vector  between  the  two  phases,  and  Is  tha 
kinematic  viscosity  of  the  fluid. 

Turbulent  Dlffualvlty  of  Solid  Particles 

The  turbulent  dlffualvlty  of  solid  particles  is 
evaluated  by  Introducing  the  particle  Schmidt 

number  a_  defined  as: 

P 


Since  solid  particles  do  not  In  general  follow  the 
motion  of  tha  surrounding  fluid  from  one  point  to 
another  It  is  expected  that  a  will  be  different  from 
unity  and  vary  with  the  particle  relaxation  time  and 
local  turbulanca  quantities.  Alonso  [8]  reviewed  tha 
recant  developments  in  evaluating  a  and  recommended  the 
use  of  Peskin's  [9J  formula  p 


J  .  ( 1/ dp)  -  l  -  (3/2)(Ll/1)2[Q2/«^2)J  (7) 

whore 

q  -  (2ymL)  .  (8) 

The  local  Lagranglan  Integral  time  sacla ,  T, ,  is 
avaluatad  assuming  isotropic  turbulanca  (10J;  thus 

c  “  iSVjU2/!2  and  l2  «  24v^T^  which  give 

T^  -  (5/12)k/c  .  (9) 

The  local  Lagranian  length  scale,  L^,  appearing  in  (7), 
and  the  Bulerlan  microscale  1  era  calclulated  from 


plW,x  +  plW,r 


plVcUx,r°x,r 


+  3plc*5  c  (a  *l,r),rDr,r 

U  9 


k  uc 

-  p,c._(-)v  (—  *,  )U  0 
1  *5  t  to.  l,r  x,r  x,r 

9 


-  F*2k[l-/^(^S)f(«)dw]  -  F(Ur-Vr)(^*1  r) 


+  e..(-^)F[l  -  r(-i-3)f(w)dU)(^*.  )  r 

♦5  cy  'o  Oj  ot  l,r  ,r 


+  pl*l  r  rV.r  "  °1  *1 E  * 


(12) 


Tha  turbulanca  energy  dissipation  rate  equation  (c)  is 

pl*lV,x  +  pl*lV,r  ’  ccl  1  !plVtVrVr 


+  5plc*5(r)(r/l,r>Dr.r 


k  vt 

"  V.sW^l.rVx.A.r1 

'  cc3  £  ‘F*2k  (1  -  C  <-S~> 

+  F(Ur-Vr)(^4lr) 

-  c«(r)  F  <l  -  «-w-xX,r),ri 

M  2  * 


+  pi*l  r  ^o^r*,r) ,r  ‘  ct2  I  (pl*lE)  * 


(13) 


Tha  terms,  in  (12)  and  (13),  involving  integration  in 
the  frequency  domain  (u)  represent  additional 
dissipation  of  k  or  c  due  to  tba  slip  between  tha 
particles  and  tha  fluid  and  depend  on  the  magnitude  of 
correlation  between  their  raspactive  Instantaneous 
velocities.  Details  of  the  derivation  of  these  terms 
are  given  in  reference  (61. 


h.  ■  'T*  \  •  (io> 

X  -  /  id  Vjk/ c  .  (11) 

When  uyx)  is  much  leas  than  unity  the  fluid  elements 
in  tha  neighborhood  of  the  solid  particle  will  have 
similar  velocities  (l.e.  homogeneous  flow). 

Consequently,  tha  correlation  of  fluid  velocities 
encountered  by  tha  particle  will  ba  similar  to  the 
lagranglan  fluid  correlation  and  a.  from  (7),  will 
approach  unity.  On  the  other  hand p as  L,  becomes  larger 
then  X  tha  particle  will  ba  surrounded  by  random  fluid 
velocities  and  its  dlffualvlty  will  dacraasa  relative  to 
that  of  the  fluid. 


Tha  lagranglan  frequency  function,  f(u)  is  in 
general  affected  by  the  presence  of  tha  dispersed 
phase.  In  the  low  frequency  range  (Inertial  subrange), 
the  modulation  of  the  Lagranglan  frequency  function  of 
the  carrier  fluid  by  the  dispersed  phase  can  be 
naglactad  [11].  Thus  in  the  present  work  the  Lagranglan 
frequency  function  is  given  by  [12], 

2  TL 

f(w)  -  (;)  ( - r~)  ,  (15) 

i+uy 

where  u  ranges  from  1  to  104  (sec-1)  and  T^  is 
calculated  from  (9). 

Tha  functions  Q,,  n.  ,  0^  ,  a  and  8  are  evaluated 
according  to  [6|  from 


Qj  -  <!>2W6  (|)3/2+3(|)W6  (S)1/2+i  ; 

a,  -  b“2(£)2wS  g"l(f)3/2+3(f)W6  (|)1/2+i  ; 

i  a  o  a  a 

-  Kl-g)W(og)]2  ; 

a  -  12v  Z/d2  , 


30j/(2o2  +  9j) 


(16) 


The  values  of  the  coefficients  «p peering  in  equations 
(12)  end  (13)  ere  lifted  in  Teble  (2)  below. 

Teble  2  Coefficients  of  the  Turbulence  Model 


°4  °k 

c  a  c.e  c  . 

u  e  $5  el 

cc2  ce3 

1  1 

k-ct  1.3  0.1  1.44 

k'£l  1.2 

mi _ 

[13] 

It  is  seen  that  three  new  coefficients  (c-.c.-.c^)  ere 
now  added  to  the  well-established  k-c  coefficients  for 
single-phase  flows,  namely  a.  ,o  ,c  ,cE,  and  c£,.  The 
valises  of  the  new  coefficients  Save  been  optimized  to 
produce  good  agreement  with  the  data  of  ref.  [4,5]  for 
one  particle  else  (200  microns)  and  then  used  to  predict 
the  data  of  the  other  size  (SO  al crons ) .  It  should  be 
emphasized  that  sure  validation  tasting  is  required  to 
establish  the  universality  of  these  coefficients. 

Boundary  Conditions 

The  parabolic  flow  considered  here  requires  the 
prescription  of  three  boundary  conditions  for  each 
dependent  variable.  Table  (l)  provides  these  conditions 
at  the  pipe  exit  plane  and  at  the  jet  boundary.  At  the 
axis  of  syneatry  (r-o)  all  the  radial  gradients  are  set 
to  zero,  in  addition  to  the  vanishing  radial  velocity  of 
each  phase. 

numerical  solution  procedure 

The  aarching  finite-difference  procedure  eaployad 
in  this  work  is  a  nodifled  version  of  that  developed  and 
described  by  Spalding  [14]  for  laalnar  two-phase  flows 
and  thus  only  a  brief  outline  is  given  here. 

The  coordlnstea  of  the  expanding  finite-difference 
grid  are  x  and  p  ,  the  stream  function  based  on  the  naan 
gas-phase  properties,  l.e. 


♦  ■  £  ei*iVdr 


(17) 


The  steps  followed  to  obtain  the  solution  at  a  given 
axial  location  are: 


In  what  follows  we  conpare  the  predicted  with  the 
measured  distributions  of  the  aean  velocities,  volune 
fractions  of  the  two  phases,  turbulence  intensity  and 
shear  stress  of  the  gaseous  phase  and  the  jet  spreading 
rate. 

Figure  2  shows  the  radial  profiles  of  the  aean 
axial  velocities  of  the  two  phases  at  x/D  -  20, 
noraalized  by  the  centerline  velocity  of  the  single- 
phase  jet,  U.  s.ph*  Tlow  conditions  are  those  of 

Case  3  in  Table*!.  Also  shown  is  the  aean  velocity 
profile  of  the  turbulent  single-phase  jet  having  the 
sane  Reynolds  number  (14100)  at  the  pipe  exit. 

It  is  seen  chat  the  centerline  velocity  of  the 
dispersed  phase  is  about  1.3  class  that  of  the  carrier 
fluid  although  the  latter  is  1.3  tiaes  the  foraer  at  the 
pipe  exit.  This  can  be  explained  by  the  fact  th 
large-diameter  (>  10  u)  particles  do  not  respon.  ’  to 

the  fluid  turbulent  fluctuations  (Eqs.  (7)  &  (8 
Indicate  that  for  a  fixed  e,  and  TL  we  gee  v  <  for 
snail  F,  l.e.  large  d)  thus L the  aein  force  th$t 
accelerates  a  particle  in  the  radial  direction  1  *e 
viscous  drag  exerted  on  the  particle  by  the  flu;  Hal 
velocity,  Ur.  Now  this  drag  force  is  proportlo 
(Ur-Vr)  and  since  Ur  Is  negative  In  the  outer  r 
the  jet  (and  Vr<Ur)  the  resulting  force  will  be  .ed 

inwards  thus  limiting  the  radial  spread  of  the 
particles.  This  is  evident  in  Figure  3  where  the 
concentration  of  the  solid  particles  vanish  at  a  radial 
distance  of  r/x  «  0. 12  while  the  fluid  spreads  to  at 
least  three  tiaes  this  distance.  Conservation  of 
momentum  of  each  phase  then  results  in  Che  solid-phase 
axial  velocity  being  aicb  higher  than  chat  of  the  fluid, 
and  in  turn  the  particles  continue  to  be  a  source  of 
momentum  for  the  fluid.  It  is  also  clear  from  Figure  3 
that  the  single-phase  jet  is  wider  than  the  particle- 
laden  jet;  this  will  be  discussed  later  in  this 
section.  Both  figures  2  and  3  display  in  general  good 
agreement  between  the  measured  and  predicted  velocity 
and  concentration  profiles. 

The  measured  and  predicted  aean  velocity  profiles 
for  Case  2  (d  ■  50  u,  4  •  0.85,  Ra  -  13300)  are  shown 
in  Figure  4.  Similar  quZlitatlve  behavior  to  that  of 
Case  3  is  exhibited  hare  except  that  now  the  ratio 
between  the  experimental  velocities  of  the  solid  and  the 
fluid  is  only  about  1,15  instead  of  1.8  in  Case  3 
(d  “  200  u  ,  4  •  0.8  ,  Re  «  14100).  The  main 
difference  between  the  two  cases  is  the  particle 
diameter,  and  thus  any  quantitative  change  in  the  aean 
velocity  profiles  is  attributed  to  the  interphase 
surface  area  acted  on  by  the  viscous  drag.  This  surface 
area  in  Case  2  is  four  tiaes  that  in  Case  3,  since,  for 
nearly  the  saae  loading  ratio,  the  number  of  the 
50  u  particles  is  64  times  that  of  the  200  u 
particles.  This  increase  in  the  number  of  pertides  and 
interphase  area  results  in  augmenting  the  momentum 
sources  of  the  carrier  fluid  thus  reducing  the  rate  of 
decay  of  its  centerline  velocity. 


e 

1  -  Quaes  the  downstreaa  4,  distribution. 

2  -  Solve  for  0Z  downstreaa. 

3  -  Solve  for  k  and  c;  obtain  r's  and  solve 

for  Op's. 

4  -  Obtain  p(r)  from  Ur  equation. 

5  -  Solve  for  downstreaa  V_,  Vr,  4,  and  g|t  4.. 

6  -  Compare  the  new  4,  with  the  guessed  4.  and 
repeat  steps  1  through  5  until  the  solution 
converges  before  aarching  to  the  next  station. 

It  was  found  that  3  iterations  are  needed  at  each 
station  to  achieve  convergence. 

RESULTS  AND  DISCUSSIONS 

The  results  presented  hare  were  obtained  using  40 
lateral  nodes  to  spaa  the  flow  domain  between  the 
center line  of  the  jet  and  its  outer  edge.  Grid- 
dependence  teats  were  conducted  with  30,  40  and  50 
lateral  nodes  sad  different  axial  step  sizes  and 
concluded  that  the  40  node  grid  results  are  virtually 
grl d-iadapendent . 


The  agreement  is  very  good  between  the  measured  and 
predicted  fluid  velocity  while  the  solid-phase  velocity 
is  underestimated  by  8X  in  the  inner  region,  a 
discrepancy  well  within  the  bounds  of  experimental 
error.  Figure  5  shows  the  mean  velocity  profiles  at 
x/D  -  20  for  Case  1  (50  u  .  Ra  •  13300,  4  -  0.32  ) 
which  has  a  lower  loading  ratio,  4  ,  than0 Case  2, 
otherwise  the  two  cases  are  Identical.  Again  the 
behavior  of  the  two  phases  is  similar  to  that  observed 
in  the  other  two  cases  except  that  now  the  experimental 
ratio  between  the  centerline  velocities  of  the  solid  and 
the  fluid  is  1.2  Instead  of  1.15  in  the  higher-loading 
case  (Case  2).  This  Indicates  that,  other  conditions 
being  the  same,  higher  loading  reduces  the  race  of  decay 
of  the  fluid  centerline  velocity.  This  is  a  result  of 
the  increase  in  the  number  of  particles  and  hence  their 
contribution  to  Che  fluid  momentum  as  discussed  earlier. 

In  order  to  distinguish  between  the  dispersed  phase 
effects  on  the  aean  motion  (inertia  and  drag)  and  on 
turbulence  (diffusion)  we  show  (Fig.  5)  the  mean 
velocity  profiles  obtained  by  solving  the  complete  two- 


I 


phasa  aoaantua  equations  (1),  (2)  together  with  Che 
eingle— phase  k  and  e  equations  (i.a.  Eq*.  (3),  (4) 
wlchouc  cba  additional  production  and  dlaalpatlon  terms 
dua  to  the  dlaparsad  pbaaa).  Ua  saa  that  tha  resulting 
lncraasa  In  the  fluid  canterline  velocity,  as  compared 
to  that  of  the  single-phase  jet,  Is  only  half  that 
■assured  and  predicted  by  the  new  k-e  oodel.  Stated 
differently,  the  aoduletlon  of  the  fluid  assn-velocity 
profile  by  the  dispersed  phase  Is  not  only  due  to  the 
particles  Inertia  and  drag  but  equally  laportant  due  to 
the  additional  turbulence  dissipation.  This  In  turn 
reduces  the  fluid  aoaantua  diffusivlty  with  the  result 
of  a  peaked  velocity  profile  near  the  jet  centerline. 

The  additional  turbulence  dissipation  is  caused  mainly 
by  the  fluctuating  particle  slip  velocity  and  Its 
correlation  with  the  fluid  velocity  fluctuation  [6 ] . 

The  consequent  reduction  In  the  fluid  turbulence 
intensity  and  shear  stress  Is  displayed  In  figures  6  and 
7  where  the  agreeaent  between  the  measurement  and 
prediction  Is  good. 
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Figure  8  shows  tha  effect  of  the  dispersed  phase  on 
the  spreading  rate  of  the  jet  by  comparing  the 
different  Y, *  distributions  of  the  three  cases, 
where  Y.  ..  is  the  radius  at  which  the  fluid  mean  axial 
velocity7 Is  half  chat  at  the  centerline.  While  for  a 


turbulent  single-phase  jet  the  value  of  Che  slope 
(dYi/2/dx)  is  constant  (*  0.08),  that  for  a  two-phase 
jet  Is  a  function  of  the  dispersed  phase  properties  such 
as  particle  diameter  and  density  and  loading  ratio. 

This  dependence  Is  displayed  In  Che  figure.  For  Case  3 
(d  •  200u,  ♦  •  0.8)  Che  predicted  slope  value  is 
0.033,  for  Case  2  (d  -  SOu,  *  «  0.83  )  It  Is  0.046,  and 
for  Case  1  (d  «  50u,  9  •  0.38  )  it  Is  0.064.  Cases  3 
and  2  have  nearly  the  saae  loading  ratio  but  the 
particle  dlaaster  In  the  latter  la  one  quarter  that  of 
Che  foraer;  the  result  being  a  reduction  of  the 
spreading  rata  by  more  than  13Z. 


Casas  1  and  2  are  Identical  except  chat  the  loading 
ratio  in  the  latter  is  2.66  claws  chat  of  the  foraer; 
the  result  being  a  reduction  of  tha  spreading  rate  by 
28Z. 


The  figure  also  shows  the  discrepancy  that  results 
In  predicting  the  spreading  rata  If  the  single¬ 
phase  k-c  modal  la  used  Instead  of  tha  proposed  model. 
The  foraer  predicts  for  Case  1  a  slope  of  0.072  while 
tha  latter  agrees  with  the  experimental  value  of  0.064. 
As  explained  earlier  this  Is  due  to  the  fact  that  the 
additional  dissipation  of  turbulence  energy  due  to  the 
dispersed  phase  Is  accounted  for  in  the  proposed  aodel. 
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EXminUTTAL  FLOW  CONDITIONS  AT 
0.10  DOWNSTUAH  OF  FIFE  EXIT 


CONCLUDING  REMARKS 

It  has  been  shown  that  Che  turbulence  oodel. 
Introduced  In  ref  [6],  allows  the  correct  simulation  of 
the  two-phase  turbulent  jet. 

The  additional  dissipation  produced  by  the  slip 
velocity  fluctuations  has  a  significant  effect  on  the 
jet  development.  Further  testing  is  needed  to  check  Che 
universality  of  the  coefficients  In  the  model. 
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ABSTRACT 

This  paper  deals  with  experimental  results 
concerning  pressure  fluctuations  on  the  surface  of  a 
circular  cylinder  immersed  perpendicular  to  a  two-phase 
air-water  bubble  flow,  and  velocity  fluctuations  in  the 
cylinder's  separated  flow  region  with  respect  to  void 
fraction.  A  critical  two-phase  flow  void  fraction 
value  exists  to  markedly  classify  flow 
characteristics:  When  the  void  fraction  is  less  than 

the  critical  value,  the  flow  structure  resembles  that 
of  a  single-phase  fluid  flow  and,  for  a  void  fraction 
more  than  that  value,  this  flow  becomes  very 
distinctive. 

INTRODUCTION 

Two-phase  gas-liquid  flows  inevitably  occur  in 
energy-generation  facilities  such  as  large  condensers, 
steam  generators,  or  civil  engineering  structures  like 
pilings  submerged  in  a  wave  flow  containing  bubbles. 
Vibrations  induced  by  the  two-phase  flow  aggravate 
troubles  in  such  facilities. 

Investigation  centering,  first,  on  a  single 
cylinder  is  the  most  important  way  to  clarify  the 
nature  of  flow-induced,  unsteady  forces  acting  on  a 
cylinder  and  to  further  the  understanding  and 
prevention  of  two-phase  flow  induced  vibrations  in 
cylindrical  structures  involved  in  the  construction  of 
tube  banks  or  offshore  pilings. 

Hara(1982)  reported  interesting  results  concerning 
the  unsteady  lift  force  acting  on  a  stationary  circular 
cylinder  in  a  two-phase  air-water  cross  flow:  The 
force  is  rather  periodic  and  less  dependent  on  the 
two-phase  flow  void  fraction  when  it  is  volumetrlcally 
less  than  101.  For  a  void  fraction  exceeding  101, 
however,  the  fluid  force  becomes  less  periodic  and 
Increases  rapidly  with  the  void  fraction. 

To  understand  this  characteristic  of  the  two-phase 
flow  induced  lift  force,  it  is  neoessary  to  study  flow 
characteristics  around  a  circular  cylinder,  paying 
particular  attention  to  vertices  shed  in  the  cylinder's 
separated  flow  region. 

This  paper  deals  with  experimental  results 
concerning  pressure  fluctuations  on  the  surface  of  a 
circular  cylinder  Immersed  perpendicular  to  a  two-phase 
air-water  bubble  flow  and  velocity  fluctuations  in  a 
separated  flow  region  of  the  cylinder  with  respect  to 
air  bubble  concentration  in  the  flow.  Statistical 
values  such  as  root  mean  square,  power  spectral 
density,  and  coherency  are  evaluated  for  both 
fluctuations  and  compared  with  those  for  a  single-phase 
water  flow.  The  major  results  are  as  follows: 

( 1 )  The  correlation  between  the  pressure 
fluctuation  at  a  point  on  the  cylinder's 
surface  at  a  90°  angle  to  the  flow  and 
velocity  fluctuation  near  that  point  for  a 


void  fraction  less  than  10%  is  very  high, 
but  they  show  less  of  a  correlation  when  the 
void  fraction  exceeds  10J. 

(1)  The  separation  point  of  the  cylinder's 

boundary  layer  moves  downward  along  the 
cylinder's  surface  when  the  void  fraction 
exceeds  10%. 

(3)  The  turbulent  structure  of  the  separated 

two-phase  flow  around  the  cylinder  resembles 
that  of  single-phase  water  flow  when  the 
void  fraction  is  less  than  101,  but  seems  to 
differ  from  that  for  a  higher  void  fraction, 
implying  that  the  wake  becomes  narrower, 
shear  flow  becomes  thicker ,  and  no  vortex 
shedding  occurs. 

EXPERIMENTAL  APPARATUS  AND  PROCEDURES 
Experimental  Test  Loop 

The  experimental  test  loop  in  this  study  consisted 
mainly  of  a  diffuser,  a  settling  chamber,  a  nozzle,  a 
rectangular  test  section,  upper  and  lower  tanks,  a 
pump,  and  an  air  compressor.  The  loop  was  vertically 
installed.  The  test  section,  at  the  center  of  which  a 
circular  cylinder  was  set,  had  a  30  x  100  mm  cross 
section  and  was  200  mm  long.  The  nozzle  connected  to 
the  test  section  had  an  area  contraction  ratio  of  9:1. 
Two  layers  of  honeycomb  net  installed  80  mm  apart  in 
the  middle  of  the  chamber  produced  a  uniform  velocity 
profile  at  the  test  section's  entrance.  The  approach 
velocity  profile  was  examined  using  an  0EI  laser 
doppler  anemometer  (LDA)  and  found  to  be  uniform  within 
11  outside  boundary  layers.  The  intensity  of  the  main 
flow's  turbulence  was  approximately  101  at  a  flow 
velocity  of  0.6  m/s  in  the  test  section. 

Air  was  injected  into  the  water  flow  at  the  exit 
of  the  settling  chamber  through  11  one-mm-diameter 
circular  holes  located  at  a  IS  mm  pitch  in  a  10-mm 
brass  tube  with  a  wall  1  mm  thick.  The  average  air 
bubble  was  5  mm  in  the  test  section. 

The  circular  test  cylinder  was  IS  mm  in  diameter 
and  30  mm  long.  Two  1  mm  holes  for  measuring  pressure 
fluctuations  were  made  in  the  middle  section  of  the 
cylinder,  one  located  at  the  cylinder's  base  and  the 
other  at  a  90°  angle  point  of  the  cylinder. 

The  cylinder  was  installed  at  the  center  of  the  test 
seotlon,  perpendicular  to  the  flow. 

Instrumentation 

Pressure.  Pressure  fluctuations  of  the  cylinder 
surface  and  a  test  section  wall  were  measured  using  two 
strain  gage  pressure  transducers,  and  were  amplified  by 
dynamic  strain  amplifiers.  Electric  signals  from  these 
fluctuations  were  transmitted  to  a  microcomputer,  which 
calculated  differential  pressure  fluctuations. 

Velocity .  Average  flow  velocity  and  fluctuation 
were  measured  using  an  0E1  5  oW  LDA  system  around  the 


test  cylinder  and  Iran salt ted  to  tna  microcomputer  for 
further  data  processing. 

Bubble  Motion.  Air  bubble  size  and  rise  velocity 
were  aeasured  by  a  bubble  detector  consisting  of  two 
light-eaitting  diodes  driven  by  an  electric  pulse  tine 
series  with  different  frequencies,  two  photodiodes  for 
detecting  light  passing  through  the  test  section,  and 
an  electronic  logic  circuit  to  measure  the  duration 
when  no  light  was  detected. 

Data  Processing ■  Pressure  and  velocity 
fluctuations  transduced  to  electric  signals  were 
digitized  by  an  AD  converter  with  a  sampling  period  of 
0.01  s.  1024  data  for  each  fluctuation  were  used  to 
evaluate  average  value,  RMS,  PSD,  and  coherency.  From 
data  obtained  by  the  bubble  detector,  bubble  size  in 
the  flow  direction  and  speed  of  rising  bubbles  were 
calculated  by  the  microcomputer  using  1024  data  sampled 
at  0.01  s. 

Experimental  Conditions 

The  approach  velocity  in  the  test  section  was 
0.60  m/s  with  a  turbulence  within  105  and  uniformly 
distributed  across  the  test  section  within  It.  The 
Reynolds  number  based  on  the  cylinder's  diameter  was 
0.9  x  10  .  The  Strouhal  number  was  0.22  for  a 
single-phase  water  flow. 

The  void  fraotion  defined  as  air  volume  flow  rate 
Qa  divided  by  total  air  and  water  flow  rate 
Qa  *  was  0.0,  0.024,  0.048,  0.070,  0.091,  0.12, 
0.15,  and  0.20  for  measuring  pressure  fluctuations  and 
circumferential  flow  fluctuations  near  the  cylinder 
surface  (Figure  1).  For  flow  fluctuation  measurement 
in  the  separated  region,  a  void  fraction  less  than  lOt 
was  used. 

Figure  1  gives  measurement  points  of  flow  velocity 
fluctuations,  where  points  along  the  cylinder  surface 
are  only  for  measuring  the  circumferential  component  of 
velocity  fluctuations,  points  on  the  I  >  i  line  for 
in-line  components,  and  points  on  the  Y  *  9  line  for 
in-line  and  cross-flow  components.  Pressure 
fluctuations  were  measured  at  a  point  at  a  90°  angle 
to  the  flow  and  at  the  cylinder's  base. 

Uncertainty  in  RMS  values  of  velocity  fluctuations 
due  to  bubbles  passing  the  LDA  measurement  area  was 
evaluated  and  found  to  be  less  than  about  IDS. 

Bubble  size  in  the  flow  direction  measured  by  the 
bubble  detector  was  5  to  6  mm,  depending  on  the 
two-phase  flow  void  fraction.  Thus,  the  ratio  of 
bubble  size  to  cylinder  diameter  was  about  0.33:0.4. 

EXPERIMENTAL  RESULTS 

Correlation  between  Pressure  and  Velocity  Fluctuations 

The  intensity  of  pressure  fluctuation  at  a  point 
90°  from  the  stagnation  point  in  the  mid  section  of 
the  cylinder's  surface  is  given  in  Figure  2  in  terms  of 
RMS  value  against  void  fraction.  Pressure  fluctuation 
increased  slightly  with  a  void  fraction  less  than  91. 
It  Increased  rapidly,  however,  for  void  fractions  more 
than  101.  Cylinder  surface  pressure  fluctuation  thus 
showed  two  different  trends  for  low  and  high  void 
fractions,  also  reported  by  Karat  1982). 

Figure  2  also  indicates  velocity  fluctuation  in 
the  main  flow  direction  at  point  X/D  a  8/15  and 
I'D  a  0.0,  showing  a  trend  very  similar  to  that  of 
pressure  fluctuations. 

Note  that  the  dominant  frequency  component  in 
pressure  and  velocity  fluctuations  was  9.0  Hz  for  void 
fractions  less  than  91,  equal  to  that  of  vortex 
shedding  from  the  cylinder. 

Figure  3  gives  coherency  between  pressure  and 
velocity  fluctuations  measured  at  the  same  points  as  in 
Figure  2.  For  void  fractions  less  than  91,  both  had 
good  coherency  at  9.0  Hz,  meaning  a  high  correlation 
due  to  an  identical  vortex-shedding  cause.  However, 
for  o<  =  9.11,  coherency  at  9.0  Hz  was  comparatively 
small. 

Circumferential  Velocity  Fluctuation  Around  a  Cylinder 

Average  and  fluctuating  circumferential  velocity 
at  points  from  the  stagnation  point  to  the  base  and 
0.5  m  away  from  the  cylinder  surface  (Figure  1)  were 
measured  by  an  LDA  system.  Figure  4  shows  the  average 


velocity  component  distribution  against  the  cylinder's 
circumferential  coordinate,  in  degrees.  The  two-phase 
flow  void  fraction  ranged  from  0.0—a  single-phase 
water  flow— to  20%  . 

This  indicates  that  the  point  where  average 
circumferential  velocity  was  zero  remained  at  the  same 
position  (  9  *  110°,  corresponding  to  the  separation 
point  of  a  circular  cylinder)  as  that  of  water  flow  for 
a  two-phase  flow  with  a  void  fraction  less  than  or 
equal  to  75.  However,  when  the  void  fraction  rose 
above  that  value,  the  zero  velocity  point  moved 
downward  with  void  fraction  increase,  reaching 
6  *  122°. 

Figure  5  shows  the  distribution  of  turbulence 
intensity  of  the  circumferential  velocity  around  the 
cylinder  for  void  fractions  from  0.0  to  201.  At 
8  a  110°,  the  intensity  of  water  flow  did  not  show  a 
clear  peak,  but  point  0  a  110°  was  concluded  to  be 
the  separation  point  for  the  cylinder  according  to 
Schlichting  (1965).  For  a  two-phase  flow  with  a  void 
fraction  less  than  or  equal  to  75,  the  intensity  had  a 
sharp  peak  at  point  0  a  no°,  meaning  the  two-phase 
flow  separation  point  for  the  cylinder  remained  at  the 
same  position  as  that  for  a  water  flow.  This  finding 
is  also  supported  by  Figure  4 .  The  peak  in  turbulence 
intensity  distribution  moved  downward  with  a  void 
fraction  increase  up  to  205. 

This  and  the  downward  shift  of  the  zero 
circumferential  velocity  point  in  Figure  4  indicate 
that  the  two-phase  flow  separation  point  moved  toward 
the  cylinder's  base  with  void  fraction  increase  when 
the  void  fraction  exceeded  a  certain  value— 9%  in  our 
case,  for  example. 


Velocity  Fluctuation  in  a  Separated  Flow  Region 

In-line  Axis  Distribution.  Along  an  in-line  axis 
at  X/D  a  8/15,  the  in-line  flow-velocity  component  was 
measured  using  the  LDA  system.  Figure  6  gives  the 
average  velocity  against  Y/D  Tor  a  void  fraction  from 
0.0  to  9-15.  The  shape  of  the  distribution  is  roughly 
similar  for  each  void  fraction.  The  minimum  point  of 
the  average  velocity  corresponded  to  the  position  in 
the  shear  flow  region  closest  to  the  cylinder's 
separation  point. 

Due  to  air  bubbles  flowing  upward  with  a  slip 
velocity  to  water  flow,  the  average  velocity  in  the 
in-line  direction  became  larger  than  that  of  the  water 
flow. 

Figure  7  illustrates  turbulence  intensity  in  the 
in-line  flow  component  against  Y/D  for  water  and 
two-phase  flows,  showing  a  similar  distribution  for 
each  case.  The  dominant  peak  in  the  distribution 
corresponded  to  the  minimum  average  velocity  point  in 
Figure  6.  For  a  two-phase  flow  with  a  small  void 
fraction— e.g. ,  o(  £  9.1% — turbulence  intensity  was 
markedly  reduced  in  the  region  of  Y/D  being  0.2  and 
0.6,  which  belongs  to  the  cylinder's  shear  flow  region, 
because  the  gverage  velocity  was  almost  twice  that  of 
water  flow,  while  the  RMS  value  of  flow  velocity 
fluctuation  was  slightly  smaller  than  that  for  water 
flow. 

Cross  Axis  Distribution.  In-line  and  cross-flow 
components  of  velocity  fluctuation  along  the  axis  at 
Y/D  a  3/5  were  measured  using  the  LDA  system,  and  their 
average  and  RMS  values  evaluated.  Figure  8  gives 
average  values  of  flow  velocity  fluctuation  in  the 
in-line  direction  for  void  fractions  from  0.0  to  9. '5. 
The  distribution  shape  with  respect  to  coordinate  X/D 
was  very  similar  for  each  void  fraction.  There  was, 
however,  a  very  significant  trend  in  distributions: 
When  the  void  fraction  increased,  the  zero  cross  point 
of  the  average  velocity  moved  slightly  Inward,  meaning 
that  the  shear  layer,  defined  as  the  average  velocity 
derivative  dU/dX  being  positive,  became  widened 
slightly  as  void  fraction  increased. 

Figure  9  gives  the  cross-flow  component  of  the 
average  velocity  against  coordinate  X/D.  This 
component  was  rather  small  compared  with  the  in-line 
component,  but  the  distribution  shape  was  complicated. 

In  the  region  wtv>re  X/D  was  larger  than  about  3/5, 
the  distribution  shape  was  very  similar  for  each  case. 
In  the  region  from  minimum  to  maximum  points  of 
distribution,  however,  a  recognizable  difference  was 
found,  meaning  that,  when  void  fraction  increased, 
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distribution  shifted  inward. 

Figure  10  gives  the  vector  diagram  of  aversge  flow 
velocity  along  line  Y/D  i  3/5,  where  solid  arrows 
indicate  water  flow  and  empty  ones  two-phase  flow  with 
a  void  fraction  of  9.1%. 

This  diagraa  Indicates  the  following: 

( 1 )  Flow  in  the  wake  directed  toward  .he 
cylinder  and  wake  region  narrowed  more  for  a 
two-phase  flow  with  a  void  fraction  of  9.1% 
than  for  water  flow. 

(2)  Corresponding  to  this,  the  shear  flow  region 
widened  more  for  the  two-phase  flow  than  for 
water  flow. 

(3)  Inside  and  outside  the  shear  flow  region, 
U  became  slightly  larger  for  the  two-phase 
flow  than  for  water  flow  and,  in  the  wake, 
both  components  (U  ,  V  )  of  the  average 
two-phase  flow  velocity  were  larger  than  for 
a  single-phase  water  flow.  This  indicates 
bubble  motion  mainly  Influenced  the  in-line 
component  of  average  velocity  in  and  outside 
the  shear  flow,  but,  owing  to  the  very  small 
flow-velocity  value  in  the  wake,  bubble 
motion  in  the  wake  region  affected  both 
velocity  components. 

Figure  1 1  gives  RMS  values  of  flow  velocity 
fluctuations  in  both  directions  for  X/D  at  Y/D  >  3/5, 
where  empty  symbols  correspond  to  water  flow  and 
half-solid  symbols  to  a  two-phase  flow  with  a  void 
fraction  of  9.1%.  Triangles  correspond  to  fluctuations 
in  the  in-line  direction  and  circles  for  the  cross-flow 
direction  component.  The  RMS  of  the  in-line  velocity 

fluctuation  had  a  large  peak  at  X/D  >  8/15  for  water 

and  two-phase  flows  and,  in  the  wake  region,  the 
magnitude  was  almost  the  same. 

There  was  a  large  difference  in  RMS  value  between 
water  and  two-phase  flows  in  the  main  flow  region:  The 
RMS  was  almost  twice  for  a  two-phase  flow  with 
*  9.1%  to  that  of  water  flow.  The  cross-flow  component 
of  velocity  fluctuation  had  a  local  peak  in  its  RMS 
distribution  against  coordinate  X/D  for  both  flow 

situations,  and  the  peak  position  shifted  inward  for 
the  two-phase  flow  compared  with  water  flow.  In  the 
wake,  the  cross-flow  component  of  two-phase  flow 

velocity  fluctuation  was  slightly  smaller  than  that  of 
water  flow  but ,  in  main  and  shear  flow  regions ,  both 
components  of  two-phase  flow  velocity  fluctuation 
became  somewhat  larger  than  those  of  water  flow.  _ 

Figure  1 2  gives  turbulence  intensity  <7*  / U  of 
the  in-line  component  of  velocity  fluctuation  against 
coordinate  X/D  at  Y/D  «  3/5.  The  distribution  shape 
was  very  similar  for  each  case,  and  the  dominant  peak 
looated  at  x/d  *  2/5  (*  0.9)  for  both  water  flow  and  the 
two-phase  flow  with  a  void  fraction  less  than  or  equal 
to  7%.  However,  for  a  void  fraction  of  9.1%,  the  peak 
moved  slightly  Inward.  Turbulence  Intensity  in  the 
wake  was  somewhat  smaller  for  two-phase  flow  than  that 
of  single-phase  water  flow.  However,  in  the  main  flow 
region,  the  intensity  for  two-phase  flow  was  larger 
than  that  of  water  flow. 

Figure  13  gives  the  turbulence  intensity  for  the 
cross-flow  component,  where  the  vertical  axis  expresses 
turbulenoe  intensity  (Tv/  v  and  the  horizontal  axis 
coordinate  X/D  at  Y/D  •  8/15.  The  void  fraction  ranged 
from  0.0  to  9.1%.  Peak  location  at  X/D  *  2/3  was  not 
influenced  by  adding  air  bubbles  to  the  flow.  This 
peak  poaition  coincided  with  the  point  1  »  0  at 
X/D  «  2/3  in  Figure  9,  or  the  outer  edge  of  the  shear 
flow  region  (Figure  8).  The  inner  peak  shifted 
slightly  inward  for  the  two-phase  flow  due  to  bubble 
aotlqn  because  of  a  very  small  flow  velocity  in  that 
direction. 

DISCUSSION 

Vortex  Shedding  in  a  Two-phase  Flow 

The  cylinder' 1  Strouhal  number  was  0.22  in 
single-phase  water  flow.  When  dominant  frequency  f  of 
pressure  fluctuations  at  the  90°  point  on  the 
cylinder's  surface  is  employed  for  nondlmensional 
number  fD/U,  this  number  equals  Strouhal  number  0.22 
even  in  two-phase  flow  with  a  void  fraction  less  than 
or  equal  to  9. '%.  Figure  3  indicates  that  coherency 
between  pressure  and  velocity  fluctuations  was  almost 


1.0  at  9.0  Hz  for  void  fractions  (  o(  *  0.0  to  7%), 
meaning  pressure  fluctuation  may  be  said  to  be  mainly 
produced  by  velocity  fluctuation  even  for  two-phase 
flow  with  a  low  void  fraction.  Considering  the  water 
flow  situation,  velocity  fluctuations  near  a  separation 
point  are  generated  by  vortex  shedding  from  the 
cylinder. 

Figures  9  and  5,  then,  indicate  that  the  two-pnase 
flow  separation  point  of  the  cylinder  remained  at  the 
same  location  as  that  in  water  flow  for  low  void 
fractions. 

Thus,  two-phase  flow  velocity  fluctuations  at  a 
point  close  to  the  separation  point  may  most  probably 
be  generated  by  vortex  shedding  for  low  void 
fractions.  We  thus  conclude  that,  when  a  two-phase 
flow  void  fraction  is  less  than  or  equal  to  about  10%, 
a  circular  cylinder  sheds  vortices  in  a  way  similar  to 
those  in  a  single-phase  fluid  flow. 

Two-phase  Flow  Separation  Point 

Figures  9  and  5  indicate  that  the  two-phase  flow 
separation  point  of  a  circular  cylinder  remained  at  the 
same  position  as  that  of  water  flow  when  the  void 
fraction  was  less  than  or  equal  to  7%.  When  the  void 
fraotion  was  more  than  about  10%,  however,  the 
separation  point  moved  downward  and  reached  the  122° 
point  of  the  cylinder  for  ct  =  20%.  This  is  a  marked 
influence  of  air  bubbles  on  the  flow  structure  around  a 
circular  cylinder. 

Figure  19  aids  in  understanding  this  air  bubble 
effect,  and  indicates  bubble  arrival  frequency, 
measured  by  the  bubble  detector,  against  the  void 
fraction,  where  solid  circles  indicate  the  average  and 
the  broken  lines  indicate  average-standard  deviation. 
When  the  void  fraction  was  about  9%,  the 
average-mlnus-standard-devlation  frequency  crossed  the 
line  of  vortex  shedding  frequency  St  =  0.22. 

Rising  air  bubbles  are  known  to  produce  turbulence 
around  them.  Thus,  bubbles  flowing  upward  with  a  slip 
velocity  near  a  cylinder's  surface  may  disturb  the  flow 
in  the  boundary  layer.  The  more  frequently  air  bubbles 
pass  near  the  boundary  layer,  the  more  intensely  the 
flow  is  disturbed. 

This  indicates  that  the  two-phase  flow  boundary 
layer  of  a  cylinder  may  become  very  turbulent  when  the 
void  fraction  becomes  larger  than  about  10%,  leading  to 
the  analogy  that  the  turbulent  boundary  layer  of  a 
two-phase  flow  forces  the  cylinder's  separation  point 
to  move  downward. 

Turbulence  Structure  in  a  Separated  Flow 

In-line  Axis  Turbulence  Structure.  As  Figure  7 
indicates,  two-phase  flow  turbulence  intensity  was 
almost  half  that  of  water  flow  in  the  shear  flow 
region.  This  reduction  in  intensity  is  mostly  due  to 
the  large  Increase  in  average  velocity  in  the  shear 
flow  region  owing  to  the  relatively  large  velocity  of 
air  bubble  rise.  The  structure  of  two-phase  flow 
turbulence  intensity  distribution  was  very  similar  to 
that  of  water  flow,  as  indicated  in  Figure  7,  but  the 
dominant  peak  in  Intensity  distributions,  apparently 
generated  by  vortex  shedding  from  the  cylinder, 
decreased  markedly  in  magnitude  for  a  two-phase  bubbly 
flow. 

This  may  indicate  that  vortex  shedding  contributes 
less  to  turbulence  in  the  two-phase  flow: 
Bubble-motion-generated  disturbance  may  contribute  more 
to  flow  turbulence  than  vortex  shedding. 

Cross-axis  Turbulence  Structure 

Figures  11,  12,  and  ’3  summarize  the  peak  location 
of  turbulence  intensities  <Tu/U  and  (Tv/V,  and  of  RMS 
value  C u,  with  respect  to  coordinate  X/D  and  void 
fraction  ci  in  Figure  15,  where  symbols  with 
parentheses  (  )  Indicate  uncertainties  in  experimental 
data  not  being  small  due  to  high  _  air-bubble 
concentration  in  the  flow.  The  <T  u/  U  peak  in 
Figure  12  indicates  the  inner  edge  of  the  shear  flow 
region  because  of  \j  z  0  at  the  position  of  this 
peak.  The  outer  peak  of  <J  v/V  indicates  the  outer 
boundary,  because  y  was  almost  zero  at  X/D  »  2/3 
(Figure  9).  It  may  thus  be  said  that  air  bubbles  in 
the  flow  did  not  Influence  the  width  of  the  shear  flow 
region  when  the  void  fraction  was  less  than  or  equal  to 
7%.  For  a  void  fraction  over  9%,  however,  the  inner 
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and  outar  edges  of  tha  two-phaaa  flow  shaar  layer 
generated  by  tba  circular  cylinder  wara  refracted 
Inward  and  outward. 

Tha  poaltion  of  tha  O'  u  peak  coincides  with 
the  trajectory  of  tha  vortex  canter  flowing  downstream 
because  at  tha  position  on  tha  vortex  canter 
trajectory,  flow  fluctuation  in  both  directions  aay  be 
naxiaua  for  single-phase  flow.  This  is  supported  by 
tha  fact  that  peaks  In  fu  and  O' v  for  water  flow  were 
located  at  almost  the  saae  position,  X/D  a  0.57,  as 
indicated  in  Figure  1 1 . 

The  peak  aagnitude  of  O’ u  for  &.  a  9.1*  two-phase 
flow  was  slightly  larger  than  that  for  water  flow,  and 
the  difference  between  them  seems  to  have  been  caused 
by  air  bubble  notion  in  the  flow.  Thus,  the  peak  of 
O'u  for  both  water  and  two-phase  flews  (  o<  a  9.1$)  aay 
be  produoed  by  vortices  shed  froa  the  cylinder. 

The  discussion  above  indicates  that  the  vortex 
center's  trajectory  is  bent  inward  with  an  inoreaae  in 
the  two-phase  flow  void  fraction. 

CONCLUSIONS 

This  paper  dealt  with  experiaental  results  on 
turbulence  characteristics  of  a  separated  two-phase 
bubbly  flow  around  a  circular  cylinder,  and  showed  the 
following  aajor  conclusions: 

(1)  Vortex  shedding  froa  a  circular  cylinder 
still  occurred  in  a  two-phase  bubble  flow 
when  the  void  fraction  was  less  than  about 
9$  and  the  bubble/cylinder  dlaaeter  ratio 
was  about  0.4. 


(2)  The  two-phase  flow  separation  point  of  the 

circular  cylinder  stayed  at  the  same 
position  aa  that  of  water  flow  when  the  void 
fraction  was  less  than  about  91.  It  moved 
downstream,  however,  to  the  cylinder  for  a 
high  void  fraction  two-phase  flow  (  ct  _>101 ) . 

(3)  The  shear  flow  region  generated  "by  a 

circular  cylinder  immersed  perpendicular  to 
a  two-phaae  bubble  flow  had  almost  the  same 
flow  structure  as  that  of  water  flow  when 
the  void  fraction  was  less  than  91.  For  a 
void  fraction  higher  than  101,  the  shear 

flow  region  was  widened  inwardly  and 
outwardly. 

(4)  Corresponding  to  (3),  above,  the  wake 

narrowed  compared  with  that  of  water  flow 
when  the  void  fraction  was  higher  than  91. 

(5)  The  vortex  center  trajectory  was  not  greatly 
influenced  by  disturbance  generated  through 
bubble  motion  in  the  two-phase  flow. 

(6)  Critical  void  fraction  o(  c  was  about  101, 

which  classified  flow  characteristics  into 
two— one  similar  to  that  of  a  single  phase 
fluid  flow  and  the  other  peculiar  to  a 
two-phase  bubble  flow. 
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Fig.  1  Circular  test  cylinder  dimension  and  points  of 
velocity  fluctuation  measurement 


Fig.  2  Pressure  and  velocity  fluctuations  O’p  and  Cuagainst 
two-phase  flow  void  fraction 


Fig.  3  Coherency  between  pressure  and  velocity  fluctuations 
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Fig.  6  Average  in-line  velocity  U  on  an  in-line  axis  x/D 
8/15  against  coordinate  Y/D 


Fig.  9  Cross-flow  component  of  average  flow  velocity  V 
against  coordinate  X/D  at, Y/D  *  3/5 
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ABSTRACT 

Measurements  are  reported  of  all  triple  moments  of 
velocity  and  temperature  in  a  heated  asymmetric  two- 
dimensional  turbulent  jet  involving  velocity  fluctu¬ 
ations  in  the  x^-x^  plane.  The  data  thus  obtained  have 
been  compared  with  those  given  by  alternative  algebraic 
models  of  the  triple  moments  using,  in  the  model 
formulae,  experimental  values  of  the  second-moment 
quantities  and  the  dissipation  rate  of  kinetic  energy. 

The  study  supports  the  view  that  in  strongly  asynsetric 
flows  the  contribution  of  mean  temperature  gradients  to 
the  triple  moments  can  be  appreciable.  The  comparison 
also  provides  some  support  for  the  use  of  the  general¬ 
ized  gradient  transport  hypothesis  in  approximating 
dissipation  of  the  triple  momenta. 

1.  INTRODUCTION 

Most  current  efforts  in  second-moment  closure 
adopt  highly  simplistic  representations  of  the  triple 
correlations  appearing  as  unknowns  in  the  transport 
equations  for  the  second-moments.  This  practice  may  be 
regarded  as  both  an  invocation  of  the  principle  of 
receding  influence  and  an  appreciation  that,  since  the 
non-zero  triple  moments  are  more  numerous  than  those  of 
second-rank,  to  adopt  other  than  a  rudimentary  approxi¬ 
mation  may  let  the  computer  budget  get  out  of  hand.  While 
undoubtedly  a  cruder  approximation  suffices  for  third 
than  for  second-moments  it  is  not  by  any  means 
established  that  the  currently  popular  algebraic  models 
give  sufficient  accuracy  or  width  of  applicability. 
Indeed,  Lumley,  Zeman  t  Sicas  (1978)  have  argued 
persuasively  that  the  diurnal  growth  of  the  mixed  layer 
in  the  atmospheric  boundary  layer  is  crucially  dependent 
on  the  triple-moment  approximations  and  that  an  explicit 
account  of  gravitational  contributions  to  the  triple¬ 
moment  balances  must  be  includedf. 

The  present  paper  has  arisen  from  an  examination  of 
another  flow  -  one  with  more  direct  connection  with 
engineering  flow  problems  -  in  which  diffusive  transport 
is  more  than  usually  important.  This  is  the  heated 
asynetric  jet  shown  in  figure  1.  A  heated  plane  jet 
mixes  on  one  side  with  stagnant  surroundings  and  on  the 
other  with  a  moving  stream.  The  shear  flow  has  two 
features  of  particular  interest:  firstly  the  scale  and 
the  intensity  of  turbulent  motions  on  the  side  of  the 
jet  mixing  with  stagnant  fluid  is  markedly  higher  than 
on  the  other;  secondly  the  unequal  entrainment  rates 
that  result  produce,  after  some  development  distance, 
a  flow  in  which  the  maximum  temperature  it  shifted 
laterally  with  respect  to  that  for  velocity.  Thus, 
unlike  the  symmetric  jet  or  wake,  the  regions  where  the 
generation  rates  of  turbulence  energy  k  and  mean-square 

+Thia  point  of  view  is  implicitly  supported  by  the 
earlier  third-moment  closure  study  of  the  same 
problem  reported  by  Andrd  et  al. 
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temperature  variance,  02  occur  are  not  coincident. 

In  these  circumstances  there  is  liable  to  be 
departure  from  the  commonly  prescribed  simple  connections 
between  the  scalar  and  dynamic  fields  -  such  as  a 
uniform  turbulent  Prandtl  number  or  time-scale  ratio 
R  (Launder,  1976).  The  experiment,  which  is  one  of 
several  on  asynsnetric  turbulent  flows  to  have  been 
performed  at  the  IMST  in  recent  years  (for  earlier 
studies  see  Beguier  et  al  (1978),  Keffer  et  al  (1979)) 
has  given  special  attention  to  the  measurement  of  the 
triple  products  of  velocity  and  temperature  which  appear 
as  the  diffusive  transport  terms  in  the  conservation 
equations  for  the  second-moments.  These  measurements 
are  directly  compared  with  various  simple  models  that 
express  the  triple-moments  in  terms  of  second-moments 
and  their  gradients.  In  addition  to  forms  already  in 
the  literature  the  present  work  considers  the  addition 
of  two  further  elements  that  extrapolate  to  the  triple 
products  ideas  that  have  in  the  past  been  widely  used  in 
closing  the  second-moment  equations. 

2.  THE  EXPERIMENTAL  PROGRAMME 
Apparatus 

A  full  account  of  the  complete  experimental 
prograzmae  is  provided  by  Dekeyser  (1982,  1983). 
Accordingly  we  here  provide  only  a  brief  summary  with 
emphasis  on  the  measurement  of  the  triple-moments. 

The  shear  flow  is  formed  by  a  heated  high-velocity 
air  jet  (»  30  m/s)  discharged  through  a  slot  10  mm  high 
and  200  wide.  The  air  is  heated  in  passage  through  a 
low-velocity  settling  chamber  upstream  of  the  jet  contr¬ 
action.  The  chamber  consists  of  a  dozen  grills,  each 
comprising  8  cylindricsl  electrical  heaters.  In  the 
experiments  reported  here  the  air  at  discharge  from  the 
slot  is  warmed  to  approximately  32°C  above  ambient 
temperature.  Buoyancy  effects  are  entirely  negligible. 

On  its  lower  side  the  heated  jet  mixes  with  what,  for  the 
purposes  of  the  present  study,  may  be  considered  an 
infinite  uniform-density  stream.  It  is  in  fact  a  low 
velocity  (8  m/s)  unheated  air  stream  discharged  through 
a  square  opening  200  mm  high.  The  low-velocity  stream 
is  bounded  on  its  lower  side  by  a  smooth  wall.  The  hot 
jet  is  free  to  entrain  stagnant  ambient  air  on  its  upper 
edge.  Side  walls  are  provided  to  constrain  the  shear 
flow  to  an  essentially  two-dimensional  development; 
measurements  showed  that  the  streamwise  enthalpy  flux 
was  conserved  within  5t  over  a  development  from  40-100 
slot  heights  downstream. 

Instrumentation 

The  mean  velocity  and  temperature  fields  were  mapped 
respectively  by  a  pitot  tube  and  chromel-constantan 
thermocouple,  the  sensitivity  of  the  latter  offering  a 
precision  of  about  0.2K.  To  improve  stability  the  cold 
junction  was  in  fact  placed  in  the  unheated  uniform 
stream. 

Temperature  fluctuations  were  measured  by  a  "cold" 


platinum  wire  lu  in  diameter  and  0.4cm  long  with  a 
resistance  of  about  1000.  The  wire  is  placed  on  a 
Wheatstone  bridge  circuit  and  heated  by  a  constant 
current  of  about  150uA.  There  is  a  3000:1  signal 
amplification  and  an  electronic  compensation  circuit 
for  thermal  inertia.  The  overall  sensitivity  is 
approximately  SOuV/K.  For  the  majority  of  the  measure¬ 
ments  the  cold  wire,  which  was  aligned  normal  co  the 
flow,  fonaed  part  of  a  3-wire  probe.  The  other  two 
wires,  of  5u  diameter  platinum  were  arranged  as  cross¬ 
wires  (the  angle  between  the  wires  being  approximately 
90°) ;  the  planes  formed  by  each  of  the  three  wires  with 
the  mean  flow  vector  were  mutually  parallel.  It  was 
operated  with  an  overheat  coefficient  of  0.8  giving  a 
wire  temperature  of  approximately  200K  above  ambient. 

The  sensitivities  of  the  wires  to  velocity  and  tempera- 
cure  fluctuations  were  determined  by  constricting 
calibration  curves  for  wire  emf  as  a  function  of  velocity 
for  a  series  of  different  mean  temperatures  spanning  the 
range  encountered  in  the  experiment.  The  cold  wire 
sensibly  responded  only  to  temperature  fluctuations; 
the  hoc  wires  were  significantly  sensitive  to  both 
velocity  and  temperature  fluctuations  though,  as  we  see 
in  figure  2,  the  rate  of  change  of  E2  with  voltage  was 
independent  of  velocity.  This  encouraged  the  decision 
that  the  hot  wires  should  be  employed  without  linearizers. 
The  separation  of  the  instantaneous  fluctuating  velocity 
components  and  temperacures  was  achieved  by  means  of  an 
anologue  circuit  consisting  of  operational  amplifiers 
similar  to  those  used  by  Schon  and  Bailie  (1972).  To 
obtain  the  triple  correlations  the  separated  velocity 
and  temperature  signals  were  passed  through  two 
successive  amplifiers  (the  second  a  quadratic  amplifier) , 
a  multiplier  and  a  high-pass  filter  with  a  low- 
frequency  cut-off  set  at  1Hz  to  remove  the  continuous 
part  of  the  quadratic  signal.  The  same  circuit  allowed 
simultaneous  measurement  of  the  double  and  triple 
correlations  with  the  help  of  a  DISA  correlator. 

The  Measurements 

All  the  measurements  reported  hereunder  were  obtained 
50  jet  slot  heights  downstream  of  discharge.  The  mean 
velocity  and  temperature  profiles  in  figure  3  indicate 
that  the  temperature  maximum  is  displaced  relative  to 
the  velocity  maximum  in  the  direction  of  the  stagnant 
surroundings.  Figures  4  and  5  show  the  profiles  of 
rms  velocity  and  temperature  fluctuations.  The  data  of 
figure  4  were  taken  without  heating  the  jet.  The 
different  sets  were  taken  with  the  vires  in  the  x.-x_ 
plane  (A,  0,  A,  A  ,  0)  or  the  Xj-x-  plane  (A,  A,  V);*as 
noted  above,  unlinearised  signals  were  used  except  for 
one  case  (A).  Thera  is  an  encouraging  uniformity 
obtained  from  the  various  runs.  As  would  be  expected, 
the  peak  turbulence  intensities  occur  on  the  upper  side 
of  the  jet  mixing  with  stagnant  surroundings.  The 
temperature  variance  is  more  symmetric  than  the  turbu¬ 
lence  intensities,  reflecting  the  fact  that  the  mean 
temperature  profile  it  also  fairly  synsatric.  The  three 
sets  of  data  included  in  figure  5  were  obtained  from 
a  single  'cold'  wire  alone  (0),  a  cold  wire  incorporated 
in  the  3-wire  probe  but  with  the  two  hoc  wires  turned 
off  (6),  and  from  the  3-wire  probe  in  which  the  hot 
wires  were  functioning.  There  is  close  agreement  between 
the  first  two  profiles  but  some  contamination  of  the 
cold  proble  signal  by  the  hot  wires  is  evident  on  the 
side  of  the  jet  mixing  with  stagnant  surroundings 
though  this  only  becoass  serious  for  values  of  nu  greater 
than  unity.  It  is,  of  course,  necessary  co  use  this 
last  operating  mode  for  finding  8  when  forming  correl¬ 
ations  with  the  velocity  field. 

The  experimental  data  for  the  triple-moments  are 
compared  with  the  various  model  proposals  in  section  4. 

3.  THE  HOTELS  CONSIDERED 

The  present  section  outlines  the  models  of  the 
triple  moments  to  be  compared  with  data  of  the  asymetric 
jet  in  the  next  section:  approximations  are  provided  for 
u^UjU^  ,  Uj,  8u^  and  8*11^  which  appear  in  the  second- 
momsnt  equations  for  the  Reynolds  stress  (u.u. ) ,  scalar 
flux  (uTf)  and  scalar  variance  (8‘).  It  is  convenient 
to  present  the  various  mode  Is  as  closures,  albeit  vary 


crude  ones,  of  the  exact  third-moment  equations.  It  is 
reasonable  to  regard  the  formula  resulting  from  any 
closure  as  a  "package"  whose  usefulness  does  not 
necessarily  reflect  the  correctness  (or  otherwise)  of 
the  individual  closure  assumptions  made  along  the 
way.  For  example,  all  models  considered  here  explicitly 
neglect  convective  transport  of  the  triple-moments  and 
it  is  likely  that  the  more  successful  schemes  are 
implicitly  making  some  accounting  for  this  in  the  choices 
made  for  the  various  empirical  constants.  Our  attention 
is  confined  to  relatively  simple  schemes  that  can  be 
adopted  without  greatly  adding  to  the  computational 
labour  involved  in  numerical  simulations  of  turbulent 
shear  flows  with  second-moment  closures. 

The  exact  equation  for  the  transport  of  triple 
velocity  products  for  a  uniform  density  shear  flow 
unaffected  by  external  force  fields  may  be  written: 
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The  notation  is  given  under  Nomenclature  but  is,  in  any 
case,  what  is  standardly  adopted.  The  pressure- 
containing  correlation  4. ..  may  be  decomposed  into  a 
non-linear  part  coftjJosed  purely  of  fluctuating 

quantities  and  a  -1  linear  part  4..fc,  C0”Prisin8. 
products  of  triple-moments  and  me afiJ velocity  gradients. 
Cormack  et  al  (1978)  in  drawing  comparisons  with  several 
simple  triple-velocity  closure  proposals  concluded  that 
the  scheme  of  Hanjalic  and  Launder  (1972)  performed  the 
best.  This  model  emerged  from: 

a  neglectinR  convection  and  diffusive  transport  by 
pressure  and  molecular  action 

a  approximating  the  pressure  interactions  by 

4...  •  -  u.u.u.  IT  (I) 

ijkj  l  j  x 

and  neglecting  4^ 

a  making  the  Gaussian  approximation  for  the  quadruple 
velocity  moment  in  d.^i 

u  u.u.  u  •  u.u.  u,  u  +  u.u,  u.u  ♦  u,  u.  U.u  (3) 
i  j  x  m  ljxm  jTcim  x  i  J  m 

a  retaining  P.^  exactly  but  neglecting  *nd  Ejjk 

The  resultant  algebraic  equation  may  be  reorganized  to 

8ive!  vTv  C,T  Vi  Vj.i +  Yi  Vi,£  V*  Vk.i> 

or,  for  brevity,  _uiuJuk  *  ctTGijk 

The  time-scale  T  in  equations  (2)  and  (4)  is  taken  , 

(k/c)  and  the  recotanended  value  of  the  empirical 
coefficient  c  is  0.11.  A  similar,  though  simpler, 
version  of  the  above  form  was  earlier  proposed  by  Daly 
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and  Harlow  (1970) : 
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Eq.  (5)  nay  be  thought  of  either  as  a  simplification  of 
(4)  (in  which  just  the  first  term  is  retained)  or,  more 
directly,  as  invoking  the  general  gradient  transport 
hypothesis 

-u£*  «  (6) 

a  proposition  extensively  employed  by  the  Los  Alamos 
group  in  the  late  '60's  and  early  '70's.  In  fact  the 
value  for  c'  of  2.0  suggested  by  Daly  and  Harlow  (1970) 
has  not  bee§  found  to  be  usable  by  other  groups. 

Wyngaard  and  Cotd  (1974)  employed  the  same  model  but 
with  c'  •  0.3  while  Launder  et  al  (1975)  adopted  0.22. 

Bisides  the  established  simple  proposals  represent¬ 
ed  by  equations  (4)  and  (6),  certain  elaborations  of 
them  have  been  here  examined.  The  first  is  purely 
the  inclusion  of  mean-strain  generation,  P..^.  No 
approximations  are  needed  and  the  triple  moiient 
model  that  results  nay  be  expressed: 

-u'.u.u.  -  c"T(C.  .,  -  P...  ,)  (7) 
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This  form  has  been  compared  with  the  present  measurements 
of  Dekeyser  (1982)  with  some  overall  improvement  on 
eq.  (6).  However,  a  weakness  (at  least  in  concept)  of 
aq.  (7)  is  that  if  one  decides  to  include  P^.^  2*  one 
should  also  introduce  a  model  for  the  3  ’ 

mean-strain  contribution  to  $.  (the  part  referred  to  as 
♦  ..,-).  At  second-moment  1J  level  a  simple  yet 
3  useful  and  very  widely-used  approximation  for  the 
effects  of  pressure  fluctuations  on  mean-strain 
generation  is  that  known  as  the  ' isotropization  of 
production'  model: 

*ij2  -  -‘2<pij  -  3  SijPkk>  (8) 

where  ♦  ..j  and  P..  are  respectively  the  non-dispersive 
pressurlr  interaction  and  stress-generation  rates  in 
the  u.u.  transport  equations  associated  with  mean 
straiC  3 (for  further  details  see,  for  example.  Launder 
et  al,  1975).  This  same  idea  has  been  applied  to  model 
pressure  effects  on  stress  generation  rates  by  buoyant 
forces  and  to  the  corresponding  non-dispersive  pressure 
effects  on  scalar  flux  generation  rates.  Launder  (1975). 
The  coefficient  c,  and  the  corresponding  constants 
that  arise  in  approximating  the  other  processes 
mentioned  by  this  isotropization-of-production  idea  are 
usually  chosen  in  the  range  0.5  ±  0.1.  The  model  has 
never  been  applied,  so  far  as  we  know,  to  the  triple- 
moments  but  it  would  seem  an  obvious  extension  to 


♦ijU  *  -°-5  Pijk2  <9> 

Here,  as  in  corresponding  approximations  lacer,  we  set 
the  coefficient  equal  to  0.5  on  the  grounds  that  that 
value  is  roughly  what  hat  been  used  in  models  involving 
the  double  moments  and  that,  in  view  of  other  uncertain¬ 
ties,  it  is  unlikely  that  any  more  refined  tuning  of 
the  individual  coefficients  can  be  contemplated  at 
present  in  view  of  the  relative  imprecision  of  the 
experiswntal  data.  In  fact,  if  we  are  to  apply  the 
isotropization-of-production  idea  consistently  we 
should  assume  that  pressure  fluctuations  remove  501  of 
P,  ...  too.  Launder  (1982)  points  out  that  the  exact 
’  (but  unclosed)  expression  for  ,  obtained  by 
eliminating  the  pressure  (via  solution-3  of  its 
Poisson  equation)  in  favour  of  velocity  fluctuations 
does  indeed  suggest  the  need  for  such  a  process. 
Accordingly  we  would  take 

♦ijkl“e"1VA  (10) 


from  considering  the  budget  in  the  atmospheric 
boundary  layer  that  the  usual  assumption  of  local 
isotropy  cannot  be  too  freely  applied  to  the  triple 
moments.  The  viscous  destruction  terms  in  (1)  consist 
of  products  of  velocities  and  velocity  gradients.  Local 
isotropy  would  lead  us  to  discard  these  terms  because 
fine-scale  motions  (wherein  the  velocity  gradients  are 
dominant)  are  generally  held  to  be  uninfluenced  by 
large-scale  activities.  It  is  now  accepted,  however, 
that  there  is  some  measure  of  linkage  between  the  two: 
the  most  energetic  large  eddies  are  also  the  ones  carry¬ 
ing  the  most  intense  fine-scale  activity.  In  view  of 
the  foregoing  it  might  appear  reasonable  to  apply  the 
general  gradient  transport  hypothesis  to  model 
From  eq.  (6)  and  the  definition  of  t..  (followin^eq. 
(1))  we  obtain:  13 
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where  e..  =  2vu.  u.  .  Moreover,  if  we  now  applv  to 
lj  i,m  j ,m  ■ 

the  second-moment  dissipation  term  the  usual  assumption 
of  local  isotropy  we  finally  obtain: 

£ijk  ■  -csT  E-i  (Visij +  vAi +  vri6jk)  U2) 

Three  models  of  u^u.ir  are  compared  with  the  measurements 
in  the  following  section:  These  are:  eq.  (4)  (the 
Hanjalic-Launder  model);  eq.  (7)  with  the  further 
addition  of  dissipation,  eq.  (12);  and  eq.  (7)  with  the 
addition  of  dissipation  (eq.  (12))  and  non-dispersive 
pressure  interactions  (eqs.  (9)  and  (10)).  The  very 
simple  gradient  diffusion  version  given  by  eq.  (5)  did 
somewhat  less  well  overall  than  eq.  (4)  (Dekeyser,  1982) 
and  to  avoid  unnecessary  clutter  its  variation  is  not 
shown  on  the  curves  in  question. 

Precisely  parallel  treatments  to  those  discussed  above  at 
some  length  have  been  applied  to  the  correlations  giving 
rise  to  scalar  flux  diffusion  u^u.6  and  to  diffusion  of 
the  scalar  variance  u.  8*  ,  For  tfte  former  case,  omitting 
molecular  transport  effects,  the  exact  equation  may  be 
written 


The  neglect  of  the  dissipative  terms  in  equation  (1)  is 
usually  justified  on  the  grounds  of  local  isotropy. 
Wyngaard  and  suanararaj an  (1979)  among  others  have  shown 


P  +  p  +  H  ♦  a  ♦  ^ 

kiBl  rkiG2  “kiei  \iei  xi62 


where  the  symbols  on  the  right  side  of  (13)  have  an 
analogous  significance  to  those  in  eq.  (1). 

The  most  widely  applied  algebraic  approximations  to 
(13)  neglect  convective  transport,  molecular  dissipation, 
generation  due  to  Dean  field  gradients  P^gj  811,1  tlie 
contribution  of  pressure  transport  in  d^g 

Closure  is  effected  by  approximating  the  pressure 
interaction  as: 

*ki8i  ‘  ~  ceX  V?/T  (14a) 


assuming  a  normal  distribution  for  the  quadruple 

correlation  in  d,  . 

kiB 

d,  .  „  *  -  u,  u.0u  go  “  (u,  u .  u  8  +  u  u  u.8 
ki8  k  1  m  *  K  1  m  m  k  1 

♦  u.u  u,  6)  (15) 

1  m  x  ,m 

and  by  retaining  without  the  need  for  approximation: 

P,  ...  i  (u.u,  lu  *  Tu.  u,  u  +  u,  6  u.u  }  (16) 

ki61  m,m  1  k  m,n  k  1  m,m  • 

Introduction  of  eq.  (14)  -  (16)  into  (13)  produces: 

-u.u.  0  ■  c  (u,  u  u.9  +  u.u  u,  6  +  6u  u.u,  )  (17) 

ik  8  k  m  1  ,m  1  m  k  ,m  m  1  k,m 

a  form  essentially  the  sane  as  that  proposed  by  Deardorff 
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(1973).  This  is  equivalent  in  its  modelling  concept  to 
eq.  (4).  Simpler  derivatives  have  been  used  in  which 
the  last  term  on  the  right  is  discarded  (Owen,  1973)  or 
the  last  zu o  terms  (Vyngaard  and  CotA,  1974).  These 
simpler  versions  are  less  successful  than  (17)  in 
reproducing  the  distribution  of  u. u,  6  across  the 
asymmetric  jet,  Dekeyser  (1982),  a&iKwill  therefore  not 
be  incluaed  in  the  present  comparisons. 

The  aissipative  tern  c..  denotes  the  following 
group  of  terms: 

5  (1+V)(u.  u.  6  ♦  u.u,  6  )  +  2v6u.  u, 

ijo  x  i,b  ,m  i  x,m  ,o  i,mk,m 


Application  of  the  gradient  transport  idea  to  the  first 
pair  of  items  on  the  right  of  (18)  produces  a  quantity 
proportional  to 

T(Vi  £i8,i  *  Vt  ‘ks.t1* 

However,  the  molecular  dissipation  of  heat  flux  c.  is 
zero  if,  as  before,  we  assume  local  isotropy  to  a^ply  to 
all  the  fine-scale,  s«eor.a-moc*nt  correlations;  the  terms 
are  thus  discarded.  The  tuir..  term,  while  strictly  not 
in  a  form  appropriate  to  the  gradient  transport  idea  may 
nevertheless  be  treated  in  c.  s  way  if  we  regard  the 
instantaneous  temperature  as  simply  a  "marker"  of  velocity 
fluctuations.  With  that  assumption  the  model  for  e. 
emerges  as: 

£ik6*  ^  Ce9  £,Ak  <19> 

Finally,  if  one  adopts  the  1 iaotropization-of-production’ 
(IP)  concept  eq.  (14a)  is  replaced  by 

♦kiei  ‘  V1  W  -  °’5  pkiei  <20> 

T 

The  mean-field  generation  rate  F  .  arises  from  both 
velocity  and  temperature  gradiencJ: 


s  -  <W  °k,»  +  V? 
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Dekeyser  (1982)  concludes,  however,  that  the  contribu¬ 
tion  of  mean  velocity  gradients  is  barely  significant 
compared  with  that  due  to  temperature  gradients. 

Moreover,  *..  .  is  associated  only  with  velocity 
gradients  (not  temperature  gradients)  and  accord¬ 

ing  to  the  IP  model  its  effect  will  be  to  halve  an 
already  marginal  contribution  to  P,..,.  Accordingly, 
♦ki@2  **“*  c*le  ^^rst  two  terms  on  1  ‘the  right  of 

eq.  (21)  are  omitted. 

In  section  4  we  compare  the  distributions  of 
u.u^e  resulting  from  eq.  (17);  from  eq.  (13)  used  in 
conjunction  with  eqs.  (14),  (15),  (16)  and  (19);  and  eq. 
(13)  closed  by  Mans  of  eqs.  (15),  (16),  (19)  and  (20). 

The  exact  equation  for  the  transport  of  u,r  may  be 
written:  * 

“5?  ’  PMal  +  Pk622  +  dk02  +  dk02l  +  *k022 

^  ‘  £k«2  <22> 
Again  the  sy.i>ols  retain  a  physical  significance  consist¬ 
ent  with  eqs.  (1)  and  (13).  The  specific  correlations 
denoted  by  the  production  and  dissipation  terms  in  (22) 


pk02i  s17  Vt.i +  2  v  V, 
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The  counterpart  of  equations  (4)  and  (17)  is  obtained 
from  (22)  by  neglecting  convective  transport,  molecular 
and  pressure  contributions  to  d 2>  and  mean  field  grad¬ 
ients.  On  introducing  the  Gaussian  approximation  of 
quadruple  moMnts  and  the  usual  retum-to-isotropy 
representation  for  the  following  form,  due  to 

Deardorff  (1973)  smstlU  : 


"  V2  "  C0*TCVf  e\t  +  V,£> 


Some  workers  (e.g.  Launder  and  Sanaraweera,  1979)  have 
retained  just  the  first  term  in  parentheses  to 
facilitate  numerical  solution.  However,  this  truncation 
is  less  successful  than  (23)  in  describing  the  measured 
distribution  of  u  0  ,  Dekeyser  (1962). 

Two  elaborations  of  eq.  (23)  are  considered  here. 
One  is  the  form  which  results  from  retaining  the 
constituents  of  (23)  but  now  adding  mean  temperature 
gradients  from  F,  ^2,  approximating  by  the 

generalized  gradient  transport  hypothesis!  Assuming, 
as  in  approximating  e.  .  ,  that  t,  »  0  leads  to 

Klv  Kb 

£ke2  “  "  cce  T  “kU£  Eb,£  _  (24) 

where  is  the  dissipation  rate  of  }02.  The  other  form 
considered  includes,  in  addition,  the  IP  model  for 


-  0.5  ?.  #2. 


The  two  forms  precisely  parallel  the  models  considered 

above  for  u.u.u,  and  u.u,  e. 

i  j  k  lit 

4.  COMPARISON  BETWEEN  MODELS  AND  EXPERIMENTS 

The  previous  section  has  presented  models  for 
velocity  and  scalar  triple  moments  in  terms  of  second- 
moment  quantities  and  their  gradients.  Here  we  compare 
the  predicted  distributions  of  the  triple  moments  with 
directly  measured  values.  In  doing  so  we  take  from 
experiment  the  values  of  the  second-moment  quantities 
appearing  in  the  various  models.  This  goes  equally  for 
the  dissipation  rates  c  and  e  though  in  this  case  the 
values  used  were  those  deduced  as  the  closing  term  in 
the  kinetic  energy  and  e2  budgets  (in  the  former  case 
with  pressure  diffusion  neglected) . 

In  the  comparisons  the  three  coefficients  of  (4), 
(17)  and  (23)  (i.e.  c.,c  and  c*  )  are,  for  uniformity, 
all  set  equal  to  0.11  (no  significant  improvement  would 
result  from  optimizing  them  separately).  The 
corresponding  coefficients  in  the  more  elaborate  models 
(i.e.  c,Cg  and  £  )  are  taken  as  0.075  irrespective  of 
whether  or  not  tne  IP  model  is  included.  The  dissipation 
coefficients  c  ,  c  and  c  g  take  the  values  0.2,  0.1 
and  0.3  which  Imounts  to  choosing  the  value  of  the 
coefficients  in  eq.  (6)  to  be  0.15,  the  value  adopted 
by  several  workers  in  approximating  the  same  correlations 
in  the  dissipation  rate  transport  equations  (wherein  they 
appear  as  diffusion  terms). 

Comparisons  between  experiment  and  model  prediction 
are  provided  in  figures  6,  7  and  8  for  respectively  the 
triple  velocities,  the  scalar  flux  transport  and  the 
scalar  variance  transport.  The  usual  thin  shear  flow 
approximation  has  been  made  with  only  cross-stream 
gradients  of  mean  or  turbulence  quantities  being 
retained.  Let  us  consider  first  the  measurements  of  the 
triple-velocity  correlation.  In  all  figures  the 
stagnant  stream  is  on  the  right.  The  large  scale  mixing 
on  this  side  is  reflected  in  the  large  valves  of  u^% 
^1*2'  uiu2  conPare<l  with  corresponding  levels  on  the 

side  of  the  shear  flow  entraining  moving  fluid.  In 
contrast  the  uT  profile  is  almost  antisymmetric  with  the 
peak  magnitudes  on  each  side  being  nearly  the  same.  This 
probably  reflects  the  fact  that  this  is  the  only  one  of 
the  triple  velocities  presented  in  which  mean-strain 
generation  is  negligible.  The  two  profiles  involving 
odd  powers  of  u^  are  fairly  similar  in  shape  with 
positive  values  on  the  edges  and  negative  values  near 
the  centre.  The  most  complicated  behaviour  is  displayed 
by  u^u^  with  two  minima  and  two  maxima.  The  three  models 

for  u.u.u.  all  succeed  in  mimicking  the  basic  features  of 
the  1  J  profile  shape;  for  example,  they  unerringly 
provide  the  correct  number  of  maxima  and  minima  for  each 
component.  The  simplest  of  the  three  schemes,  eq.  (5), 
performs  less  well,  however,  than  the  othejs.  Of  the 
two  new  models  tested,  for  all  except  for  u7,  the 
version  that  includes  the  IP  model  for  non-aispersive 
pressure  effects  does  slightly  better;  it  gives  a 
particularly  impressive  account  of  the  undulations  in 

ufu  for(x,,-x,  )  less  than  3cm.  For  the  exceptional 
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case,  however,  it  produces  an  abrupt  change  of  sign  of 
che  correlation  on  the  moving-scream  siae  whicn  is 
not  present  in  cne  data.  Tfcis  turns  out  to  be  provokec 
by  a  cere  proportional  cc  u~  u^u„  •>  which  coes  not 
appear  in  either  of  the  ocher  *■'  models.  All  senenes 
produce  markedly  lower  values  than  measured  on  the 
stagnant  scream  side,  hot-wire  errors  associated  with 
intermittent,  hign-incensicy  turbulence  will  almost 
certainly  produce  measured  values  that  are  coo  high  for 
(x.-x.,  )  >  5  .  Nevertae less .  it  seems  unlikely  that 

experimental  error  in  u.u.u^  is  the  principal  cause  of 
the  difference.  The  po&rJ agreement  could  point  to  a 
fundamental  weakness  in  the  models  and/or  it  might 
reflect  an  estimate  of  e  (obtained  as  noted  as  the  clos¬ 
ing  term  in  the  kinetic  energy  equation)  thac  was  also 
too  high  near  the  low  velocity  boundary+. 

The  scalar  flux  diffusion  shown  in  figure  7 
exhibits  (like  Che  temperature  and  scalar  variance 
profiles)  a  closer  degree  of  synxaetry  about  Che  two 
sides  of  the  jet.  Interestingly,  slightly  higher  ne^k 
values  now  occur  on  the  moving-stream  side.  Wfyile  uf; G 
displays  an  uncomplicated  variation  that  for  u^6  shoOs 
inflectional  behaviour  near  x.  .  The  thyee  nooglj  also 
show  quite  different  distributions  for  u|6  and  ufe  in  the 
central  region  broadly  in  line  with  measurements;  In  the 
case  of  u~6  the  measured  levels  near  che  shear  flow  edges 
are  markedly  higher  than  given  by  any  of  che  models.  It 
would  have  Co  be  said  thac  chough  che  two  models 
introduced  in  the  present  study  give  somewhat  different 
distributions  than  eq.  (17)  they  cannot  really  be  said 
Co  be  in  any  better  overall  accord. 

The  scalar  variance  diffusion  in  figure  8  exhibits 
a  complex  variation  across  the  jet.  The  most  striking 
feature  is  thac  u  takes  on  large  negative  values  over 
the  interior  of  the  shear  flow.  This  reflects  che  fact 
that  negative  values  of  u  (brought  by  newly-entrained 
fluid)  are  associated  with  larger  fluctuations  about  the 
mean  temperature  chan  chose  of  positive  u^.  The  same 
feature  of  the  flow  is  responsible  for  the  large, 
negative  readings  of  uTe7  for  (Xj-x.  )  tlie  ran8e 
2-5  cm.  None  of  the  models  succeeds  in  reproducing 
these  features.  Apart  from  this  (serious)  weakness, 
however,  all  three  models  capture  broadly  the  trend  of 
the  distributions  including,  for  example,  the  fact  that 
the  u^6z  profile  should  display  three  maxima  and  two 
minima.  The  two  models  here  introduced  give  rather 
different  peak  levels  in  different  regions,  but  as  with 
the  scalar  flux,  it  is  not  possible  on  the  basis  of  the 
two  sets  of  data  shown  here  to  declare  one  form  conclus¬ 
ively  superior  to  another. 

5.  CONCLUDING  REMARKS 

The  paper  has  presented  some  of  the  data  of  the 
triple  moments  of  velocity  and  temperature  fluctuations 
recently  obtained  in  an  asymmetric  heated  jet.  The  flow 
is  one  where  production  of  these  triple  products  due  to 
mean  velocity  and  temperature  gradients  is  comparable 
with  that  due  to  inhomogeneities  in  the  second-moment 
distributions.  Because  of  the  structural  asymmetry,  the 
triple  moment  data  display  in  many  cases  a  complicated 
pattern. 

The  three  models  considered  here  all  achieve  a 
better  than  qualitative  agreement  with  the  third  moment 
data  but  none  can  be  said  to  be  distinctly  successful. 

For  the  triple  velocity  data  the  models  based  on  a 
gradient  approximation  of  the  'dissipative'  term  c . 
with  or  without  the  isotropization  of  production  ^ 
model  of  the  non-dispersive  pressure  correlations  are 
more  successful  chan  the  earlier  Hanjalic-Launder  (1972) 
formulation  which  neglected  both  agencies.  The  discrep¬ 
ancies  between  experiment  and  prediction  near  the  stagn¬ 
ant  boundary  are  still  very  serious  however.  This 
behaviour  is  also  present  for  u|e  buc  not,  to  any 
extent,  for  any  of  the  other  temperature-velocity  triple 
products. 

For  the  temperature-containing  correlations  we 
have  been  unable  to  conclude  chat  any  of  the  models 
performed  distinctly  better  than  the  ocher  two. 

t 

Since  c  appears  in  the  denominator  of  the  time 
scale  too  large  values  depress  all  the  triple 

moments. 


The  study  does  not  necessarily  weaken  che  case  for  the 
two  modelling  ideas  corsiderec  herein  but  it  does 
suggest  that  on  their  owr.  they  are  insufficient.  Various 
further  explorations  are  prompted  that  cay  leac  to  core 
definitive  improvements;  among  chese  tne  question  cf 
adopting  a  single  turbulent  time  scale  (k/cj  as  character¬ 
izing  the  rates  of  progress  of  all  the  pressure  inter¬ 
actions  is  one  of  the  cxire  serious .  In  the  case  of 
u.6*,  the  thermal  time  scale  r-/e.  would  certainly  have 
been  preferable.  Alternative  modelling  suggestions  by 
Lunley  (1978)  also  merit  testing. 

A  major  concern  must  be  the  use  of  the  Gaussian 
approximation  for  the  quadruple  moments  in  inter¬ 
mittent  regions.  The  only  reason  for  retaining  it  is 
that  there  is  no  alternative  available  that  seems 
convincingly  better.  Lunley  (1976)  has  correctly 
commenced  that  conceptually  the  most  satisfactory 
treatment  of  intermittent  regions  is  to  model  then  as 
precisely  that.  One  might  envisage  either  adopting 
a  transport  equation  for  the  internittenev  itself 
(Libby,  1975)  or  developing  a  scheme  based  on  probability 
density  functions.  Before  such  approaches  would  attract 
interest  amongst  those  making  practical  calculations, 
however,  they  need  to  be  shown  to  be  necessary.  Mhetner 
this  is  so  can  be  most  effectively  oeternined  by  incorp¬ 
orating  the  third  moment  models  considered  into  a  second- 
moment  closure  study  of  the  present  and  other  asyranetric 
flows. 
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NOMENCLATURE 

d  width  of  exit  slot 

d. diffusion  of  u.u.u^  (likewise  for  velocity- 
J  temperature  1  ^  3rd  moments;  subscript 
identifies  quantity) 

k  turbulence  kinetic  energy 

p  fluctuating  pressure 

P.j  generation  rate  of  Reynolds  stress 

P.  ..  generation  rate  of  u.u.u  due  to  Reynolds  stress 
lJ  gradients  (1)  and  meinJ  *  strain  (2) 

q'  /2k* 

T  turbulent  time  scale  (k/c) 

u^  fluctuating  velocity 

mean  velocity 

U  mean  streaowise  velocity  (in  x^  direction) 

u',  rma  velocity  fluctuations  in  Xj,x2  and  x^ 

v'  ,w'  directions 

x^  streamwise  coordinate 

Xj  cross  stream  Cartesian  coordinate  with  origin  at 
velocity  maximum 

x20  x^  position  of  temperature  maximum 

Xj,  distance  from  x^  to  position  on  stagnant  strearn- 
*  side  where  U  is  half  maximum  value 

x,  ,  distance  from  position  of  maximum  temperature 
*  difference  to  position  on  stagnant  stream  side 
where  AC  is  half  maximum  value 

intermittency  of  turbulent  velocity  sequal 
t  dissipation  rate  of  turbulence  energy 
'dissipation'  rate  of  uTuTu^ 


C5  (x2-x2e)/x2?! 

v  kinematic  viscosity 

0  density  of  fluid 

6  fluctuating  temperature 

e '  /  s’2 

e  mean  temperature 

Ae  temperature  above  ambient 

AC  maximum  temperature  difference  across  jet 

ID 

non-dispersive  pressure  correlation  in  u.u^u^ 
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Figure  1  The  flow  configuration 
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Figure  2  Hot  wire  sensitivity  to  velocity 
and  temperature 
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*§Abstract 

Through  a  combination  of  small  scale  statistics  and  flow 
visualization  we  will  show  that  the  small  scales  of  a  numeri¬ 
cally  generated  turbulent  flow  are  strongly  aligned  around 
vortex  tubes.  Movies  of  the  time  developing  flow  will  be 
used  to  illustrate  the  nature  of  these  structures.  An  inertial 
subrange  is  found  with  a  Kolmogorov  constant,  a,  equal 
to  2.45.  This  is  consistent  with  simulated  and  measured 
values  for  the  skewness,  but  disagrees  with  experimental 
values  for  the  Kolmogorov  constant,  which  usually  range 
between  1.4  to  1.7. 

((Introduction 

One  approach  to  investigating  the  small  scales  of  tur¬ 
bulence  is  through  the  higher  order  derivative  correlations 
such  as  skewness  and  flatness  factors.  Experimentally 
(Antonia  et  al,  1982),  this  has  been  done  for  the  velocity 
and  temperature,  which  is  a  passive  scalar  when  buoyancy 
is  negligible.  Our  approach  will  be  to  use  direct  numeri¬ 
cal  simulation  of  the  incompressible  Navier-Stokes  equa¬ 
tion  and  several  passive  scalars  to  calculate  a  variety  of 
third  and  fourth  order  derivative  correlations  between  the 
velocity  and  passive  scalars.  We  will  then  show  how  these 
correlations  are  related  to  turbulent  structures  seen  in  three 
dimensional  graphics. 

The  advantage  of  direct  numerical  simulation  is  that 
more  detail  can  be  obtained  than  experiment  and  the  con¬ 
ditions  can  be  more  closely  controlled.  The  only  higher 
order  correlations  accessible  to  a  single  probe  (hot  wire) 
experiment  are  the  simple  derivative  skewness  and  flatness. 
But  because  all  components  of  the  velocity  are  known  in 
a  simulation,  one  is  able  to  study  many  other  correlations. 
We  have  studied  a  forced  isotropic  flow  extensively  and 
begun  work  on  an  infinite  shear  flow  with  a  temperature 
gradient.  The  code  uses  up  to  128  cubed  mesh  points  and 
Taylor  microscale  Reynolds  numbers  up  to  85.  Details  may 
be  found  in  Kerr  (1981)  and  Rogallo  (1980). 

§  Spectra  and  skewnesses 

The  most  distinctive  feature  of  fully  developed  tur¬ 
bulence  is  the  =£  Kolmogorov  inertial  subrange.  Because 
we  force  the  large  scales  in  our  code  we  are  able  to  “drop" 
into  the  middle  of  the  inertial  range  and  do  not  need  to 
waste  computing  power  simulating  large  scale  eddies.  In 
figure  1  we  plot  several  three  dimensional  velocity  spectra 
for  different  Reynolds  numbers.  These  have  been  normal¬ 


ized  by  the  Kolmogorov  velocity  and  microscales  and  mul¬ 
tiplied  by  the  -5/3  Kolmogorov  power  law.  The  theoretical 
prediction  of  Pao  (1965)  for  a  Kolmogorov  constant  of  2.45 
is  plotted  by  the  dashed  line.  While  experimental  values  for 
the  Kolmogorov  constant  as  high  as  2.1  have  been  reported, 
this  value  is  much  higher  than  the  usual  experimental  value 
of  1.4  to  1.7  (see  Monin  and  Yaglom,  1975,  p. 483-4851.  To 
understand  the  apparent  differences  between  the  calculated 
and  experimental  Kolmogorov  constant  we  must  consider 
the  velocity  derivative  skewness.  From  this  we  will  conclude 
that  fitting  the  calculated  spectra  to  Pao’s  theoretical  form 
leads  to  anamolously  high  values  for  the  Kolmogorov  con¬ 
stant. 

We  examine  three  derivative  skewnesses,  defined  as  fol¬ 
lows:  the  velocity  derivative  skewness 


the  mixed  derivative  skewness 


(1) 


su,=  K  MZItL  > 

<  (Ht)2  >*<  > 


and  the  scalar  derivative  skewness 


<  (&r)3  > 

<  (&)*>* 


(3) 


In  our  simulation  the  velocity  and  mixed  derivative 
skewnesses  are  negative  and  reach  a  maximum  amplitude 
of  0.5,  independent  of  Prandtl  number,  and  do  not  in¬ 
crease  further  with  Reynolds  number  (figure  2).  This 
contradicts  predictions  made  by  phenomenological  models 
(Kolmogorov,  1962  and  Frisch  et  al,  1979)  and  experi¬ 
ments  at  very  high  Reynolds  numbers  (Tavoularis,  1978), 
which  all  say  that  there  should  be  a  slight  increase 
with  Reynolds  number.  Theories  by  Saffinan  (1968) 
and  Tennekes  (1968)  support  our  conclusion  and  experi¬ 
ments  by  Klebanoff  (private  communication)  find  5.  con¬ 
stant  and  equal  to  -0.43  for  R\  between  40  and  200 
in  a  boundary  layer.  In  isotropic  flow  the  scalar 


FIGURE 


INERGY  s ?e; 


rTm  nr  -> 

r  .  jJ’ti  ^ 

VELOCITY  AND  XED  SKEWNESSES 


nk 


derivative  skewness  will  be  zero.  But  experiments  in 
shear  flow  with  a  temperature  gradient  (Sreenivasan  and 
Tavoularis,  1980)  show  it  to  be  the  order  of  one.  Initial 
anisotropic  simulations  of  ours  support  this  result. 

In  isotropic  flow  it  can  be  shown  that  the  velocity  deriva¬ 
tive  skewness  is  related  to  the  fourth-order  moment  of  the 
spectrum.  To  do  this  we  use  the  following  equation. 

-  /  *2T,(fc)  -2 vj  k*E,(k)dk.  (4) 

If  -»  0,  we  find  that 

„  2  fk*T.(k)dk  2  2 vfk*E(k) 

"1*5*  w (5) 

When  we  integrate  our  spectra  by  this  formula  we  find 
S9  ~  —0.5.  If  we  integrate  the  spectral  form  of  Pao  (1963), 

E(k)  -  a^k-s^exp(-1.5au€-^k*^)  (6) 

we  find 

S%  =  -2.40a“s/2.  (7) 

For  5.  *=  —0.5,  o  =  2.85.  For  a  typical  experimental 
Kolmogorov  constant,  a  =  1.7,  (7)  gives  S„  =  —1.08, 
which  disagrees  with  the  experimental  measurements  of  the 
skewness.  If  the  experimental  values  for  the  Kolmogorov 
constant  and  the  skewness  are  correct,  then  Pao’s  spectral 
form  is  clearly  a  poor  approximation  to  the  experimen¬ 
tal  spectra.  There  are  also  significant  differences  between 
the  calculated  spectra  of  figure  1  and  Pao's  form  near 
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(tfk)  ~  0.2.  If  the  calculated  Kolmogorov  constant  is 
to  be  consistent  with  the  experiments  (that  is  a  ~  1.7), 
then  at  wavenumbers  less  than  those  simulated  the  correct 
spectrum  must  be  below  Pao’s  form  for  a  —  2.45.  The 
skewness  would  not  change  in  this  case  because  the  major 
contribution  to  it  comes  from  the  wavenumber  regime  al¬ 
ready  simulated.  Experimental  spectra  by  Champagne  et 
al  (1977)  show  an  ultraviolet  bump  which  is  similiar  to 
the  spectral  shape  we  have  proposed.  Additional  experi¬ 
ments  which  determine  both  the  Kolmogorov  constant  and 
the  skewness  and  make  detailed  comparisons  with  Pao’s 
spectral  form  would  help  answer  these  questions. 

gFourth-order  correlations 

Four  fourth  order  rotationally  invariant  velocity  deriva¬ 
tive  correlations  identified  by  Siggia  (1981)  are 

h  =<  e4  >  (8) 

h  =  u^e2  (9) 


h  —<  UitijtjkUk  >  (10) 

and 

/4=<w4>,  (11) 

where  e  is  the  rate  of  strain  and  u  is  the  vorticity. 
Experimentally  only  one  fourth  order  velocity  derivative 
correlation  has  been  measured, 


F% 


<  (fe)*  > 

<  (lit)2  >2 


=  Fi 


15  h 
7  <c2>2' 


(12) 


FIGURE  3 

FOURTH-ORDER  VELOCITY  CORRELATIONS 
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It  increases  with  Reynolds  number  (Antonia  et  al,  1982), 
with  an  exponent  between  0.25  and  0.32.  When  normalized 
by  the  rate  of  strain,  Iu  I2 ,  and  /4  increase  with  Reynolds 
numbers  in  our  simulation  in  a  simiiiar  manner,  but  each 
has  a  different  exponent  (figure  3).  If  power  laws  are  applied 
to  Fi  ,  F2,  and  F4  in  figure  3  for  R\  greater  that  28  we  find 
exponents  of  0.18  ±  0.03  ,  0.29  ±  0.03,  and  0.37  ±  0.03, 
respectively.  The  lack  of  a  single  scaling  exponent  seems 
to  contradict  a  major  assumption  of  the  phenomenological 
models.  Using  crossed  wire  probes  experimentalists  should 
be  able  to  measure  some  of  the  correlations  we  have  studied 
and  test  our  results. 

The  scalar  derivative  flatness 


F,= 


<(ffr)4> 
<  (#r)2  >2 


(13) 


is  observed  to  increase  with  Reynolds  number  in  a  man¬ 
ner  simiiiar  to  the  velocity  flatness  both  in  experiments 
(Antonia  et  al,  1982)  and  our  simulation,  but  with  a  larger 
exponent  (figure  4).  This  implies  that  the  temperature 
field  is  in  some  sense  more  intermittent.  The  scaling  ex¬ 
ponent  depends  on  the  Prandtl  number.  If  Ft  ~  3 R\a*, 
for  Prandtl  numbers  0.1,  0.5,  and  1.0  we  found  a*  =  0.45 
,  0.40,  and  0.36,  respectively. 

There  are  four  rotationally  invariant  correlations  between 
the  velocity  and  scalar  derivatives  which  are  discussed  in 
detail  by  Kerr  (1981)  and  Kerr  (1983).  These  are 


Fv,tX  <V02><e2> 

^  _  3  <  de/dxitijtjkdeidxk  > 

V,t2  <  V02  ><  e2  > 


Fviui  = 


Fvtux  =  3 


<  V0V2  > 

<  V02  ><  u2  > 

<  (V0  ■  w)2  > 
’<  V(92  ><  w2  > 


Both  correlations  between  the  strain  and  the  scalar  deriva¬ 
tive  show  a  tendency  to  increase  with  Reynolds  number, 
suggesting  that  the  scalar  gradients  align  themselves  with 
the  rate-of-strain.  The  first  vorticity-scalar  gradient  cor¬ 
relation,  Fviu i,  is  barely  different  than  its  uncorrelated 
value,  showing  that  there  is  little  correlation  between  the 
magnitudes  of  the  vorticity  and  scalar  derivative.  But  the 

FIGURE  4 

VELOCITY  AND  SCALAR  FLATNESSES 
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second  correlation,  FV#W 2-  shows  a  strong  anti-correlation 
between  the  direction  of  vorticity  and  the  direction  of  the 
scalar  gradient. 

§  Graphics 

While  the  assortment  of  statistics  presented  might  seem 
bewildering,  each  one  predicts  a  different  aspect  of  how  the 
small  scales  are  aligned.  To  demonstate  the  alignment  we 
have  plotted  short  lines  which  represent  the  vorticity,  scalar 
gradient,  and  rate  of  strain  fields  in  figures  5  to  7.  These 
are  poor  black  and  white,  two  dimensional  projections  of 
what  our  color  movies  will  show.  The  fields  have  been 
conditionally  sampled  and  only  those  grid  points  where 
the  field  is  above  a  threshold  are  shown.  The  vorticity 
and  scalar  gradient  are  vectors  and  their  direction  can  be 
represented  by  short  lines  easily.  The  most  striking  fea¬ 
ture  of  the  vorticity  is  its  tendency  to  align  in  tubes,  with 
the  vorticity  along  the  tubes.  The  scalar  gradient  is  also 
found  in  structures,  with  the  gradient  perpendicular  to  the 
structures.  Our  movies  will  show  that  these  structures  are 
sheets  wrapped  around  the  vortex  tubes.  The  low  value  for 
the  second  vorticity-scalar  correlation  (17)  predicts  that  the 
scalar  gradient  and  the  vorticity  should  be  aligned  in  this 
manner. 

The  rate  of  strain  is  a  tensor  and  cannot  be  represented 
by  single  lines.  Instead  we  plot  only  one  of  the  principal 
rates  of  strain  at  a  time.  In  figure  7  we  plot  the  largest 
principal  rate  of  strain  at  the  conditionally  sampled  grid 
points.  In  all  cases  this  is  the  compressive  component.  It 
can  be  shown  that  the  velocity  derivative  skewness  is  related 
to  the  trace  of  the  rate  of  strain  cubed,  and  that  because 
the  skewness  is  negative,  we  expect  the  compressive  com¬ 
ponent  of  the  rate  of  strain  to  dominate  at  the  conditionally 
sampled  points.  One  should  notice  that  the  rate  of  strain 
structures  are  not  as  concentrated  as  the  vortex  structures 
of  figure  5.  This  is  expected  because  the  vorticity  flatness 
(11)  is  larger  than  the  strain  flatness  (8).  The  rate  of  strain 
structures  are  found  near,  but  outside  the  vortex  tubes  and 
are  strongly  aligned  with  the  scalar  gradient  structures.  We 
expect  them  to  be  near  the  vortex  tubes  because  F2  is  large, 
but  because  F3  is  small  we  expect  the  largest  component  of 
the  rate  of  strain  (the  compression)  to  be  aligned  perpen¬ 
dicular  to  the  tubes.  Comparison  between  figures  6  and  7 
shows  that  the  conroressive  component  of  the  rate  of  strain 
is  strongly  aligned  with  the  scalar  gradient.  We  expect  the 
rate  of  strain  to  be  aligned  with  the  scalar  gradient  because 
the  correlations  between  them  (14,15)  are  large.  We  expect 
the  compressive  component  of  the  strain  to  be  aligned  with 
the  scalar  gradient  because  the  mixed  skewness  is  negative. 

Our  movies  will  rotate  flow  fields  simiiiar  to  those  in 
figures  5  to  7  to  give  one  a  better  perspective  of  the  three 
dimensional  character  of  the  structures.  Then  we  will  show 
the  fields  evolving  in  time.  Additional  graphics  planned  in¬ 
clude  pictures  of  the  stretching  terms  in  the  rate  of  strain 
and  their  correlation  to  the  vortex  tubes.  Figures  5  to  7 
come  from  a  64  cubed  simulation  at  R\  =  58.  Graphics  for 
a  128  cubed  simulation  at  R\  =  83  continue  to  show  strong 
alignment  on  the  small  scales,  but  more  random  orienta¬ 
tion  with  respect  to  the  large  scales.  Very  large  numerical 
simulations  are  necessary  if  one  wants  to  study  detail  as  fine 
as  we  have  considered.  We  have  made  two  suggestions  to 
experimentalists.  First,  that  they  check  the  consistency  of 
the  velocity  derivative  skewness  and  the  Kolmogorov  con- 
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stant.  Second,  that  they  use  cross  wired  probes  to  measure 
more  of  the  fourth  order  velocity  derivative  correlations. 
With  this  new  understanding  of  the  small  scales,  we  hope 
that  more  progress  can  be  made  in  finding  effective  means 
of  modeling  the  small  scales. 
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INTRODUCTION 

Free  boundaries  of  turbulent  shear  flows  show  an 
intermittent  character  with  a  sharp  interface 
separating  instantaneously  turbulent  and  non-turbulent 
zones  shown  by  Corrsin  and  Kistler  (1954).  Prediction 
models  for  turbulent  shear  flows  did  not  take  this 
intermittent  character  into  account  so  far.  In  this 
paper  a  second  order  closure  model  for  turbulent 
shear  flows  based  on  conditional  variables  (Dopazo 
(1977))  is  presented,  that  allows  prediction  of 
intenmittency  factor,  zone-conditioned  mean  velocities 
and  Reynolds-stresses.  It  is  based  on  an  earlier 
closure  for  Intermittency  factor,  mean  velocities  and 
kinetic  energy  and  dissipation  rate  (Byggstoyl  and 
Kollmann  (1981))  which  used  the  concept  of  turbulent 
pseudo-viscosity  for  the  turbulent  zone.  The 
equations  for  conditional  moments  contain  explicitly 
terms  accounting  for  the  relative  motion  of  turbulent 
and  non-turbulent  zones  and  the  transport  of  various 
quantities  through  it.  Some  of  those  terms  are 
non-closed  on  the  second-  order  level  and  their 
closure  will  be  discussed.  The  resulting  conditional 
Reynolds-s tress  model  will  be  evaluated  by  comparison 
of  calculated  properties  of  various  thin  shear  flows 
with  experimental  results. 


n  V  m  v  -  Vs 
a  a  a 


Then  follows  that  the  indicator  function  is  transported 
with  points  on  the  Interface,  which  are  not  material 
point.  Thus 


and  the  derivatives  of  the  indicator  function  can  be 
expressed  in  terms  of  the  interface  properties 


and 


~  ~  Jfsj  <z> 


Turbulent-zone  moments  are  defined  by 


where  <I>  is  the  intermittency  factor  and  non- 
turbulent  zone  moments  by 


CLOSURE  MODEL 

The  definition  of  conditional  moments  requires 
the  notion  of  a  non-negative  discriminator  variable  0 
(x,t)  such  that  0  >  s  >  0  corresponds  to  turbulent 
flow  at  the  point”(£,t)  considered  and  <£  to 
nonturbulent.  If  randomness  and  nonzero  vorticity 
are  accepted  as  properties  defining  the  turbulent 
state  of  the  flow,  the  scalar  ^  is  given  by 

$**>*)  - 

where  Is  the  vorticity  fluctuation.  The 

threshold  c  for  discrimination  must  be  larger  than 
zero  for  finite  Reynolds  numbers,  because  of  the 
elliptic  nature  of  the  differential  equations 
governing  the  motion.  Then  the  indicator  function 
I(x,t)  can  be  defined 

t  0  for^(x.t)  <  c 

I(x,t)  -  J 

1  for  ^(x.,t)  _>  t 


The  equation 


S(x,t)  «0(x,t)  -  t  -  0 
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The  equations  for  intermittency  factor  and 
zone-conditioned  moments  follow  then  using  standard 
methods  (see  Dopazo  (1977)  and  Byggstoyl  and  Kollmann 
(1981)  appendix).  The  equations  for  first  and  second 
order  conditional  moments  contain  correlations 
analogous  to  the  unconditional  case  and  new 
correlations  representing  the  interface  movement  and 
transport  of  mass  and  momentum  through  it.  The 
closure  of  these  new  correlations  will  be  discussed 
subsequently  in  some  detail. 

Intermittency  factor 

The  exact  transport  equation  for  f-  follows  from 
(1)  by  averaging 

%  71  - -££rfi-r>f<.-W 
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defines  Implicitly  a  surface  within  the  instantaneous 
Interface  separating  turbulent  and  non-turbulent 
zones.  If  the  Interface  velocity  is  denoted  by 

*(*  ,  the  speed  V  with  which  the  Interface 
progresses  in  its  normal  n*  (positive  into 
turbulent  zone)  relative  to  the  fluid  is  given  by 


The  intermittency  source  <  V  (s)>  which  is  the  rate 
of  entrainment  of  non-turbulent  fluid  per  unit  volume 
requires  closure.  The  model  of  Byggstoyl  and  Kollmann 
(1981)  can  be  applied  in  the  form 


*  *> 

with  Cgi  ■  1.875,  Cg?  •  0.06,  Cg3  »  0.1.  The 
first  term  on  the  right  hand  side  represents  the 
growth  of  the  turbulent  zone  due  to  the  mean  strain, 
the  second  the  enhanced  transport  due  to  spatial 
inhomogeneity  and  the  last  term  the  shrinking  of  the 
turbulent  zone  due  to  viscous  effects.  The  last  term 
in  (5)  reflects  the  fact  that  a  finite  threshold 
level  for  the  variable  <f>  discriminating  between 
turbulent  and  nonturbulent  zones  is  used. 
Consequently  should  Cg3  be  a  function  of  this  level 
such  that  Cg3  vanishes  if  the  threshold  value  for0 
vanishes.  For  the  present  calculations  however  Cg3 
was  simply  kept  at  the  given  value. 

The  difference  of  the  conditional  mean 
velocities,  which  acts  as  turbulent  flux  for  the 
intermittency  factor,  is  included  in  the  closure 
model.  For  parabolic  flows  however  only  the 
longitudinal  components  are  calculated  and  it  is 
advantageous  to  model  the  difference  of  the  cross- 
flow  components.  Thus 

f  -S  *  «) 

is  applied  for  fi  •  2  only  (Cg  •  0.15,  zi  -  1.5). 
Conditional  Momentum  Sources 

Conditional  averaging  of  the  momentum  equations 
leads  to  new  correlations  representing  momentum 
sources.  The  turbulent  zone  mean  velocity 
satisfies 


with  source  term 

■£  - . 

Since  the  equations  for  <4  and  >£  can  be  combined 
according  to  (Byggstoyl  and  Kollmann  (1981),  appendix) 

*£  -  f- %  +  % 

and 
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to  the  equation  for  the  unconditional  mean  ££  ,  the 
following  relation  for  the  conditional  momentum 
sources  is  obtained 

74  -  'Z-  Z)Sr  - 

where  S.  *  <V  (S)>  is  the  source  term  of  the 
intermittency  equation  (4).  An  order  of  magnitude 
analysis  shows  that  both  terms  on  the  right  hand  side 
of  (9)  are  of  the  same  order  for  the  longitudinal 
component  in  thin  shear  layers.  For  the  cross-flow 
component  the  pressure-difference  term  is  dominant 
and  balances  the  left  hand  side  of  (9).  Relation  (9) 
is  Important  for  the  closure  of  equation  (8)  for  the 
non-turbulent  zone  mean  velocity. 

Non-Turbulent  Zone  Stress  Tensor 

If  the  discriminating  scalar  is  defined  as 
enstrophy  *£(44'  ,  then  follows  that  the  vorticity 
fluctuations  in  the  non-turbulent  zone  are  below  the 
threshold  and  therefore  negligible.  This  condition 
can  be  expressed  analytically  in  the  Corrsin-Kistler 
(1954)  equation  (see  Dopazo  (1977))  for  the 
nonturbulent  zone  stress  tensor 
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The  source  term 


cast  in  the  form 


erm  ^  can  be  c 
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The  non-turbulent  zone  mean  velocity  Is  governed 

£<  - 


where  k9m  ^  and  /(  -  J(°  denote  kinetic 

energy  in  the  non-turbulent  zone.  This  relation  has 
interesting  properties:  The  diffusive  term 

4^-^y 

which  appears  in  (8),  can  be  split  into  diffusion  due 
to  normal  stresses  analogous  to  the  mean  pressure  and 
diffusion  due  to  shear  and  normal  stresses  which  are 
created  at  the  Interface.  Furthermore  follows  that 
the  interface  term  can  be  represented  as  divergence 
of  a  flux 

"O 

The  equation  for  the  non-turbulent  zone  mean  velocity 
appears  now  in  a  form  consistent  with  (9)  and  (11)  as 

-fZ-  <») 


It  should  be  noted  that  in  the  derivation  of  (12) 
only  the  fluctuations  of  velocity  in  the 
non-turbulent  zone  are  assumed  irrotational .  The 
mean  vorticity  may  be  non-zero. 

Turbulent-zone  mean  velocity 

All  conditional  moment  equations  can  be  cast  in  a 
form  analogous  to  the  equation  for  the  unconditional 
moment  plus  a  collection  of  interface  terms  (denoted 
by  A  with  the  appropriate  indices).  For  F  these 
terms  follow  from  (7)  as  * 

-  4  ^  "~r °5) 

From  the  closure  of  the  intermittency  factor  equation 
follows  the  expression  for  the  second  part  without 
new  assumptions  as 


For  the  closure  of  the  first  part  the  exchange  of 
momentum  between  the  turbulent  and  nonturbulent  zones 
is  considered.  If  the  turbulent  zone  is  faster  it 
will  loose  momentumn  to  the  non-turbulent  zone 
proportional  to  the  velocity  difference  of  the  zones 
and  vice  versa.  The  amount  of  momentum  transferred 
depends  on  the  turbulent  time  scale  and  the  crossing 
frequency  of  the  interface  which  is  given  by  $  . 

Then  the  following  expression  emerges  r 
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where  the  model  for  the  Intermittency  source  is  given 
by  (5)  and  C4  -  5.0,  Z2  -2.0 

Non-turbulent  zone  mean  velocity 

For  the  closure  of  equation  (12)  two  assumptions 
are  required.  First  the  flux  must  be  expressed 

in  terms  of  known  moments  and^second  the  pressure 
difference  must  be  dealt  with.  For  the  flux  the  model 

£  +  $k)  f,t,) 

which  is  a  turbulent  viscosity  model  with  Cq*  -  0.2  Co 
reduced  constant.  The  pressure  difference  terms  is 
assumed  to  balance  with  the  following  group 

a 

Thus  the  closed  equation  for  /£  is  obtained  using 
(15).  It  is  given  In  the  appendix  where  the  complete 
model  equations  are  assembled. 

Turbulent-zone  stress  tensor 

The  terms  analogous  to  the  unconditional  forms 
are  modelled  by  carrying  over  the  closure  assumptions 
of  the  unconditional  case  (Lumley  (1978)  and  Launder, 
Reece,  and  Rodl  (1975))  to  the  turbulent  zone 
variables.  Closure  assumptions  like  quasi- 
Gaussianlty  of  the  fourth  moment  for  velocity 
fluctuations  have  certainly  more  justification  for 
the  conditional  case  than  the  unconditional  because 


the  center  spike  corresponding  to  the  small 
fluctuations  in  the  non-turbulent  zone  is  removed  in 
the  conditional  case,  thus  bringing  the  flatness 
factors  closer  to  the  Gaussian  value.  The  interface 
group  (exact  forms  see  Byggstoyl  and  Kollmann  (1981)) 
requires  new  considerations.  The  turbulent  zone 
propagates  into  the  non-turbulent  by  increasing  the 
vorticity  of  irrotational  parcels  of  fluid.  This 
propagation  is  only  possible  if  the  net  effect  on  the 
turbulent  zone  stress  is  gain  at  the  expense  of 
non-turbulent-zone  fluctuations.  Thus 


3,  *  ^rr/-r)f  '"> 

The  contribution  due  to  relative  motion  follows  from 
model  assumptions  on  entrainment  and  momentum 
transport  introduced  above.  Then  the  interface  group 
is  given  by 

4  -  r  //-  -*■)  £/-k  j2  /P  j. 
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where  C5  .  0.5. 

Non-turbulent  zone  stress  tensor 

The  principal  axis  of  turbulent-zone  and 
non-turbulent  zone  stress  tensors  are  not  aligned. 
Experimental  evidence  (Byggstoyl  and  Kollmann  (1981)) 
suggests  that  the  gradient  of  the  intermittency 
factor  is  close  to  a  principal  axis  of  the 
non-turbulent  stress  tensor.  In  the  present  closure 
model  these  considerations  were  taken  into  account 
simply  by  setting  proportional  to 

t  ti'ij'  with  a  factor  Cn  -  0.5  for  normal 
stresses  and  C12  -  0.2  for  the  shear  stress.  These 
ad  hoc  relations  do  not  enter  the  calculations 
directly  and  are  applied  to  determine  unconditional 
stress  components  only. 

Dissipation  rate 

The  dissipation  rate  in  the  non-turbulent  zone  is 
negligible,  thus  provides  the  propagation  of  the 
interface  a  gain  of  dissipation  rate.  The  model  for 
is  then  ~x 

4  rx>) 

where  Cg  >  1.0.  The  complete  Interface  group  is 
given  by 
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APPLICATIONS 

The  conditional  Reynolds-stress  model  was  applied 
to  several  (parabolic)  shear  flows.  For  the  plane 
jet  the  intermittency  factor  in  fig.  1  shows  the 


expected  distribution  In  agreement  with  the 
measurements  of  Gutmark  and  Wygnanski  (1976).  The 
turbulent  zone  and  unconditional  mean  velocities  C, 
U,  in  fig.  2  agree  well  with  the  experiments  of 
Gutmark  and  Wygnanski  (1976).  The  two  normal  stress 
components  for  the  turbulent  zone  in  fig.  3  show 
reasonable  agreement  with  the  measurements  of  Gutmark 
and  Wygnanski  (1976).  In  the  core  region  the 
predictions  are  determined  by  the  same  modelling 
assumptions  as  the  unconditional  model  whereas  in  the 
outer  part  the  interface  terms  became  significant. 
In  the  outer  part  of  the  turbulent  zone  stresses 
decrease  slower  than  the  experimental  values.  This 
leads  to  the  smooth  mean  velocity  profiles  in  fig.  2 
agreeing  well  with  measurements  in  the  outer  part  of 
the  flow  field.  The  round  jet  claculation  requires  a 
change  of  the  return  to  isotropy  constant  ci  (see 
appendix)  with  the  present  closure  to  obtain  the 
correct  spreading  rate.  Then  good  agreement  with 
experiments  of  Wygnanski  and  Fiedler  (1969)  is  found 
for  intermittency  factor  fig.  4  mean  velocities  (not 
shown)  and  normal  stresses  fig.  5  and  fig.  6. 

CONCLUSIONS 

The  closure  of  conditional  moment  equations  leads 
to  detailed  information  on  the  properties  of  the  flow 
in  turbulent  and  non-turbulent  zones.  The 
interaction  of  the  zones  requires  some  new  model 
assumptions,  which  are  however  guided  by  the 
condition  that  conditional  sources  must  combine 
appropri ately  to  zero  for  the  unconditional  moment. 
This  approach  has  further  applications  such  as 
combusting  flow,  where  the  Instantaneous  flame  front 
can  be  considered  as  interface. 
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APPENDIX 

The  complete  set  of  model  equations  for  Cartesian 
coordinates  is  given  here  in  the  form  such  that 
convection  along  unconditional  mean  streamlines  Is 
balanced  by  diffusion  and  sources. 

Intermittency  factoy^x  : 


~  T  $  if  -5*  ff'-rJf 


Turbulent  zone  mean  velocity  : 

+  r  ri-  y  £,J 

The  intermittency  source  S^,  is  given  by  (5). 
Non-turbulent  zone  mean  velocity  ; 

g-p  -  2 
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Turbulent  zone  stress  tensor  ; 

*.  /J 

-its 

is  given  by  (19)  and  the  fast  response  part  of 
the  pressure-strain  correlation  by  Launder,  Reece, 
and  Rodi  (1975) 
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The  constants  are  ci  •  1.5  (cj  »  2.5  for  round 
jets)  and  c?  »  0.4  of  Launder,  Reece,  and  Rodi 
(1975). 
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ABSTRACT 

Turbulent  flows  with  uniform  mean  velocity  gra¬ 
dients  and  transversely  homogeneous  statistical  fea¬ 
tures  have  been  generated  in  a  specially  designed  wind- 
tunnel.  Values  of  the  mea-  shear  in  the  range  13.4  to 
84  s'1  were  achieved  by  adjusting  the  centreline  speed 
and  by  inserting  grids  of  different  mesh  sizes.  In  all 
cases,  the  components  of  the  dimensionless  Reynolds 
stress  tensor  attained  quasi-uni versal  asymptotic  values, 
while  the  Reynolds  stresses  and  the  turbulent  kinetic 
energy  grew  exponentially  downstream.  The  present  data 
as  well  as  previous  ones  are  utilized  in  a  search  for 
universal  asymptotic  features  of  uniformly  sheared  tur¬ 
bulence. 

NOMENCLATURE 

h  height  of  test  section 

j  normal  1  zed  Reynolds  stress  tensor 

L i i  streamwise  velocity  integral  length  scale 
i  characteristic  length 

M  grid  mesh  size 

P  turbulent  kinetic  energy  production  rate 
q2  turbulent  kinetic  energy  (  -  u^  ) 

ufa  "barrier  velocity” 

uf  velocity  fluctuation  in  1  direction 

Ui  streamwise  mean  velocity 

U£  centreline  mean  velocity 

Xg  downstream  position  of  grid 

x,  co-ordinate  axes;  xt  is  parallel  to  the  flow, 
x2  Is  parallel  to  the  mean  shear  and  X3  Is 
perpendicular  to  the  above 

Greek  Symbols 

e  turbulent  kinetic  energy  dissipation  rate 

v  kinematic  viscosity 

Suffixes 

(  )’  root-mean-square  value 

(  )  time  averaged  quantity 

(  )p  reference  value 


INTRODUCTION 


Nearly  homogeneous  turbulent  shear  flows  have  been 
generated  and  studied  by  several  investigators,  most 
notably  by  Rose  (1966,  1970),  Champagne  et  al  hearn 
and  Luxton  (1970),  Harris  et  al.  (1977)  and  Tavoularis 
and  Corrsin  (1981).  These  experiments  can  be  divided 
into  two  distinct  groups:  the  former  three  correspond 
to  mean  shears  dUj/dX2  much  lower  than  that  in  the  lat 
ter  two.  Although  the  high  'hear  experiments  demons¬ 
trate  a  monotonic  downstream  increase  of  turbulent  kine¬ 
tic  energy,  q2  -  u.u^ ,  in  the  low-shear  experiments,  q2 
appears  to  level  down  to  a  roughly  constant  value. 

Harris  et  al .  (1977)  have  attributed  this  discrepancy  to 
insufficient  flow  development  time  for  the  low-shear 
experiments.  Since  there  is  little  overlap  between  the 
ranges  of  parameters  of  the  two  groups  of  experiments, 
the  existing  information  is  insufficient  for  a  conclu¬ 
sive  study  of  uniformly  sheared  turbulence. 

Most  recently,  Tavoularis  (1983)  has  presented  a 
semi-analytical  prediction  of  the  asymptotic  features  of 
such  flows,  which  concluded  that  q2(as  well  as  all  indl 
vldual  Reynolds  stresses)  ana  Ln(the  integral  length 
scale)  would  grow  exponentially  as 
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where  the  characteristic  length  1,  defined  as 
Uo2  -1 
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Is  a  constant  for  a  given  flow;  in  expression  (3),  P  is 
the  turbulent  kinetic  energy  production  rate 
-  uiU2dUi/dx2  and  c  is  the  turbulent  kinetic  energy 
dissipation  rate.  Expressions  (1)  and  (2)  have  been 
verified  by  the  data  of  Tavoularis  and  Corrsin  (1981). 

The  purpose  of  the  present  study  is  to  generate 
flows  with  a  wide  range  of  mean  shear  and  initial  condi¬ 
tions,  which  will  provide  sufficient  basis  for  a  univer¬ 
sal  description  of  uniformly  sheared  turbulence. 


ROW  FACILITY  AND  MEASUREMENT  TECHNIQUES 

ATI  experiments  were  conducted  in  a  specially  de¬ 
signed  open-circuit  wind-tunnel  at  the  University  of 
Ottawa.  The  air-flow  was  produced  by  two  centrifugal 
blowers  and  after  passing  through  a  filter,  a  honeycomb, 
a  settling  chamber  with  several  turbulence-reducing 
screens  and  a  16:1  rectangular  contraction,  it  entered 
the  final  section  (shown  in  Figure  1)  which  was  30.5  cm 
high,  nominally  45.7  cm  wide,  and  518  cm  long.  The  ver¬ 
tical  walls  of  the  downstream  end  (about  304  cm  long)  of 
the  wind-tunnel  had  adjustable  distance  for  boundary 
layer  compensation.  The  free-stream  turbulent  intensity 
at  all  examined  speeds  was  below  0.3  %. 

The  desired  mean  velocity  profile  was  produced  with 
the  use  of  a  shear  generator,  inserted  in  the  flow  imme¬ 
diately  following  the  contraction.  The  shear  generator 
consisted  of  a  set  of  12  parallel  aluminum  plates,  15  cm 
wide  and  2.54  cm  apart,  which  separated  the  flow  into  12 
channels,  and  a  system  of  interchangeable  screens  stret¬ 
ched  across  each  channel  which  provided  the  desired  chan¬ 
nel  pressure  drop.  A  flow  separator,  consisting  of  12 
parallel  aluminum  plates  61  cm  long  and  aligned  with 
those  in  the  shear  generator,  was  inserted  in  the  flow 
in  order  to  produce  transverse  uniformity  of  the  turbu¬ 
lent  length  scales. 

As  shown  in  Figure  1,  the  test  section  was  442  cm 
long  and  was  equipped  with  four  frames  for  the  insertion 
of  grids  and  other  flow  obstructions.  All  grids  used  in 
the  present  experiments  consisted  of  parallel  cylindrical 
rods  and  had  a  solidity  of  Q.35.  Results  using  two  grids 
with  mesh  sizes,  M,  respectively  2.54  cm  and  5.08  cm  are 
reported  here,  while  measurements  using  other  grids  are 
still  in  progress. 

The  fluctuating  velocity  was  measured  with  conven¬ 
tional,  linearized,  single-  and  cross-wire  anemometers; 
data  acquisition  and  processing  was  done  using  analog 
instrumentation  as  well  as  an  LSI  11/23  digital  micro¬ 
computer. 

THE  MEASUREMENTS 

(a)  The  Mean  Shear 

The  shear  generator  was  designed  and,  later,  further 
adjusted  by  trial  and  error,  in  order  to  produce  the 
highest  possible  shear  within  the  wind-tunnel  limitations. 
The  maximum  shear  measured  exceeded  100  s~^  but  corres¬ 
ponded  to  unstable  fan  operation.  Typical  stable  values 
of  the  mean  shear  attained  included  43,  60  and  84  s‘\ 
corresponding  to  centreline  speeds  Uc  equal  to  6,  9  and 
13  m/s.  In  all  cases,  the  mean  shear  remained  constant 
in  the  entire  test  section,  excluding  the  boundary  layers 
near  the  four  walls  (Figure  2(a)). 

As  expected,  Insertion  of  a  grid  resulted  In  signi¬ 
ficant  reduction  of  the  mean  shear,  although  the  resulting 
flow  also  had  uniform  mean  velocity  gradient  (Figure  2(b)) 
and  nearly  homogeneous  velocity  fluctuations.  Interes¬ 
tingly,  each  of  the  two  grids  reduced  the  mean  shear  by  a 


fixed  factor  (2.2  for  the  M  2.54  cm  grid  and  3.0  for  the 
M  5.08  cm  grid)  for  the  entire  range  of  variation  of  the 
centreline  speed.  The  shear  reduction  factor  was  also 
independent  of  the  downstream  position  of  insertion  of 
the  grid. 

( b)  The  Reynolds  Stresses 

The  degree  of  transverse  homogeneity  of  the  R^nolds 
stresses  was  generally  comparable  to  these  in  earlier 
realizations  of  uniformly  shear  flows  (Figure  3),  so 
only  velocity  fluctuation  measurements  along  the  wind- 
tunnel  central  axis  will  be  presented  here.  To  facili¬ 
tate  comparisons  with  the  predictions  of  Tavoularis 
(1983),  the  data  are  plotted  in  semi-logarithmic  coor¬ 
dinates. 

Typical  measurements  of  the  centreline  development 
of  the  turbulent  kinetic  energy  q^,  the  three  mean- 
squared  velocity  components  uj,  u|,  u3  and  the  shear 
stress  uju2  are  shown  in  Figure  4,  which  contains  one 
unobstructed  flow  case  (Figure  4  a  )  and  two  cases  of 
interaction  with  the  two  grids  (Figures  4b  and  c) .  In 
all  cases,  the  data  followed  the  exponential  law  (1). 
Asymptotic  self-similarity  of  the  turbulence  structure 
within  a  major  part  of  the  test-section  is  demonstrated 
by  the  parallel  growth  of  all  Reynolds  stresses.  As  in 
previous  experiments,  the  order  of  magnitudes  was 
T  T  T  - 

U)  >  U3  >  U2  9  -  UlU2 

In  general,  the  turbulent  intensities  presented  a 
nearly  stepwise  increase  across  the  grid  plane.  However, 
grid-generated  turbulence  decayed  rapidly  downstream,  so 
that  the  asymptotic  flow  development  was  dominated  by 
turbulent  energy  production  due  to  shear. 

( c)  The  Turbulent  Kinetic  Energy 

Several  measurements  of  the  centreline  turbulent 
kinetic  energy  are  plotted  together  in  Figure  5.  All 
data  are  compatible  with  the  exponential  asymptotic  law 
(1);  the  unobstructed  flow  and  the  M  2.54  cm  grid  flow 
correspond  to  positive  exponent  coefficients  while  the 
M  5.08  cm  grid  flow  seems  to  have  a  nearly  zero  exponent. 
Another  Interesting  observation  is  that,  for  each  of  the 
three  presented  cases,  q2  shows  almost  universal  values 
at  any  given  downstream  position,  when  normalized  with 
the  centreline  mean  velocity  Uc .  Although  the  value  of 
U  should  not  be  a  factor  for  determining  the  asymptotic 
turbulence  structure.  It  seems  to  act  as  a  scale  for  de¬ 
termining  turbulent  intensity  level. 

(d)  The  Dimensionless  Reynolds  Stress  Tensor 

In  all  examined  cases,  all  components  of  the  dimen¬ 
sionless  Reynolds  stress  tensor,  K^,  retained  constant 
asymptotic  values  within  significant  regions  of  the  test 
section,  as  shown  typically  in  Figure  6.  Characteristi¬ 
cally,  In  all  cases  the  initial  values  of  Kn,  K22,  K33 
were  closer  to  each  other  than  the  asymptotic  ones;  fur¬ 
thermore,  a  reversal  of  the  relative  magnitude  of  K22 
and  K 3 3  occurred  for  the  two  grid  cases.  These  obser¬ 
vations  confirm  the  predictions  that  the  asymptotic  tur- 
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bulence  structure  depends  on  the  shearing  mechanism 
alone  and  that  all  initial  condition  effects  disappear 
downstream. 

(e)  The  Integral  Length  Scales 

Preliminary  measurements  of  the  streamwise  veloci¬ 
ty  fluctuation  integral  length  scale  are  presented 
in  Figure  7;  these  scales  were  determined  by  Integrating 
the  corresponding  autocorrelation  function  up  to  its 
first  zero.  Considering  the  crudeness  of  the  measure¬ 
ments,  it  appears  that  for  each  type  of  flow,  Ln  de¬ 
velops  independently  of  the  values  of  the  mean  shear 
dU!/dx2  and  the  centreline  velocity  Uc.  The  develop¬ 
ment  law  of  L i i  depends  strongly  on  the  grid  mesh  size. 
The  available  data  on  L  n  are  compatible  with  exponen¬ 
tial  development  laws  but  with  exponent  coefficients  dif¬ 
ferent  from  those  of  the  corresponding  turbulent  kinetic 
energy. 

ANALYSIS  AND  DISCUSSION  OF  THE  RESULTS 

The  present  and  earlier  experiments  span  sufficient¬ 
ly  wide  ranges  of  mean  shear,  Reynolds  number,  dimension¬ 
less  strain  and  length  scales  for  a  quantitative  parame- 
trization  of  possible  universal  features  of  uniformly 
sheared  flow  to  be  attempted.  First,  we  search  for  a 
criterion  for  the  attainment  of  an  asymptotic  turbulence 
structure,  where  self-similarity  Is  exhibited  by  the  con¬ 
stancy  of  properly  normalized  quantities.  Figure  6  shows 
that  the  dimensionless  Reynolds  stresses  remain  constant 
away  from  flow  disturbances  in  all  present  experiments; 
similarly,  a  careful  examination  of  previous  high-  and 
low-shear  experiments  shows  that,  in  the  downstream  part 
of  the  measuring  volumes,  these  stresses  were  also  cons¬ 
tant  and  always  in  the  order 

Kn  *  K33  *  k22  *  *  *12- 

Any  Imposed  change  of  the  asymptotic  values  of  K^  and/ 
or  reversal  of  the  above  order  (e.g.  by  the  insertion  of 
grids)  was  eventually  overcome  by  the  shearing  mechanism 
and  the  quasi -universal  values  of  were  restored. 

Average  values  for  all  existing  experiments,  summarized 
in  Table  1 ,  were 

(4) 

Our  second  concern  was  to  establish  experimental 
stability  criteria  for  uniformly  sheared  flows.  The  ex¬ 
ponential  law  (1)  permits  three  possibilities  for  the 
downstream  evolution  of  the  turbulent  kinetic  energy  q2, 
depending  on  the  value  of  the  ratio  e/P:  exponential 
growth  for  P  >  e,  constant  value  for  P*  c  and  exponen¬ 
tial  decay  for  P  <  e;  these  three  cases  correspond  to 
positive,  zero  and  negative  values  of  the  Inverse  charac¬ 
teristic  length  1/t.  As  Table  1  shows,  only  the  first 
two  cases  have  been  observed  experimentally,  the  third  one 
possibly  corresponding  to  extremely  weakly-sheared  turbu¬ 
lence.  An  attempt  to  correlate  the  values  of  c/P  and 
l/i  with  the  value  of  mean  shear  failed  because  experi¬ 
ments  with  the  same  dU;/dx2  (but  differing  initial  condi- 


K1J- 


0.55 

0.16 

0 


-  0.16 
0.20 
0 


0 

0 

0.25 


tions)  had  widely  different  values  of  the  above  para¬ 
meters;  the  same  happened  when  the  dimensionless  total 
strain  (.xj/U  )  dUj/dx2  was  used  as  the  independent 
variable . 

At  this  point  we  recall  that  Hasen's  (1967)  stabi¬ 
lity  analysis  predicts  a  "stability  barrier"  for  the 
Initial  disturbance  of  turbulent  kinetic  energy  that  can 
be  expressed  as 


_  L  dUi /dx? 
Jb  r2/3 


(6) 


Substituting  for  the  Reynolds  number  R  -  (dU]/dx2)f/v  , 
one  gets 


,  1  dUi  ' 
ub  L  dx^ 


1/3 


2/3 


(7) 


Figure  8  shows  an  excellent  correlation  of  the  ex¬ 
ponential  coefficient  1/1  with  ufc.  From  this  figure, 
it  appears  that,  in  flows  with  ufe  >  4.5,  q2  grows  ex¬ 
ponentially,  while  in  flows  with  3  <  u^  <  4.5,  q2  rea¬ 
ches  a  constant  asymptotic  state.  Ongoing  research  is 
expected  to  resolve  remaining  questions. 
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Figure  1.  Schematic  diagram  of  the  wind  tunnel. 
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Figure  3.  Typical  transverse  distribution  of  rms  turbu 
lent  velocity;  flow  conditions  and  symbols 
as  in  Figure  2(a) . 
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Figure  2.  Typical  transverse  mean  velocity  profiles. 

(a)  U£  -  13  m/s,  dO^ /dX2  -  84s*1 ;7x,/h  -  2.0, 

•  xj/h  —  7.5,  axj/h-10.0,  Ox^h-13.0. 

(b)  with  M  2.54  cm  grid;  TT.-13  m/s, 
dtfi/dX^38.4  s*1;  grid  position: 

R  x„/h-l  .04,  O  x/h  -  4.5. 


Figure  4.  Downstream  development  of  Reynolds  stress  tensor 
components;  4  q2/U2  ,  •  u^/Uc  ,  v  u|/Uc> 

O  U3/Uc  ,0-  u7u2/U|  ;  Uc  -  13  m/s, 

U,/dx2  -84  s'',  (b)  dU,/dx2  38.4s*1, 


(a)  dU!/dx2  -  84  s' 
(c)  dU1/dx2  -  29  s* 
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Figure  5.  Downstream  development  of  turbulent  kinetic 


Figure  6.  Typical  asymptotic  development  of  the  dimen 
sionless  Reynolds  stress  tensor  components; 
•  Ku,  V  K22»  O  *33,0  *k12;  —  13  m/s ; 

(a)  dUi /dx 2  -  84  s'1  ;  (b)  dUj/dxj  -  38.4  s' 

(c)  dUi /dx 2  -29s'1. 


energy;  o  m/s,  7  U£-9  m/s,  o  Uc”13  m/s 

(a)  unobstructed  flow,  (b)  with  M  2,54  cm  grid 
(c)  with  M  5.08  cm  grid. 
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Figure  7.  Development  of  Integral  length  scales; 


O  Uc  -  6  m/s ,  V  U£  -  9  m/s ,  O  Uc  -  1 3  m/s ; 

(a)  unobstructed  flow,  (b)  with  M  2.54  cm  grid, 
(c)  with  M  5.08  cm  grid. • 
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Figure  8.  "Barrier  velocity'v  i  exponent  for  turbulent 
energy  growth;  oM  5.08  cm  grid,  2.54  cm 
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A  COMPUTATIONAL  PRESTON  TUBE  METHOD 

W.  NITSCHE.  R.THUNKER.  C.  HA8ERLAND 
INSTITUT  FUR  LUFT-  UNO  RAUMFAHRT  TU- BERLIN  (FRG) 


ABSTRACT 


INTRODUCTION  AND  PRELIMINARY  REMARKS 


A  computational  Praston  tube  method  to  determine 
local  wall  friction  forces  is  presented,  which  unlike 
the  conventional  Preston  tube  method  offers  a  greater 
scope  of  application.  The  method  is  based  on  measuring 
the  dynamic  pressures  of  two  wall-Pitot  tubes  of  dif¬ 
ferent  diameters  and  determining  the  local  wall  shear 
stress  by  applying  a  mathematical  boundary- layer  law  to 
the  flow  velocities  corresponding  to  the  measured  dyna¬ 
mic  pressures.  The  method  is  verified  experimentally  in 
a  laminar-turbulent  transition  flow  of  a  flat  plate,  in 
a  pipe  entrance  flow,  in  a  turbulent  pine  flow  with  sud¬ 
den  enlargement,  in  strongly  non-adiabatic  turbulent 
boundary- layer  flows  and  in  turbulent  boundary- layer 
flows  with  adverse  pressure  gradient. 

NOMENCLATURE 


A* 

•  .  a 

Cf  ■  V»'u. 

CP 

0, Di , 2 
d.di.t 
d+  *  Ufd/v 
K 

K1(2...i 

Mt  *  uT/av 

p*  -  (v/o- 

q 

q*  -  <fd*/4p-vJ 

i 

Ra 


Van  Driest  constant 

Speed  of  sound 

Skin  friction  coefficient 

Specific  heat 

Pipe  diameters 

Preston  tube  diameters 

Non-dimens.  Preston  tube  diameter 

Displacement  factor 

Iteration  parameters 

Friction  Mach  number 

Static  pressure 

B.-l.  pressure  parameter 

Dynamic  pressure,  ptotal  -  Pstatic 

Non-dimens,  dynamic  pressure 

Heat  flux  rate 

Reynolds  number 


T  Temperature 

u  Mean  flow  velocity 

u*  •  u/ u-  Non-dimens,  mean  velocity 

ux  “x/lw'Pw  Shear  stress  velocity 

x  Longitudinal  coordinate 

y  Distance  from  wall 

y*  •  u^-y/v  Non-dimens,  distance  from  wall 

8q  *  ^/(P’Cp-Tlv'i^  B.-l.  heat  flux  parameter 

k  v.  Karmin  constant 

X  •  8-Tw/0’>4i  Friction  factor 

Xw  Thermal  conductivity 


0 

Tw 

T*  »  TW"  dJ/4  •  V2 
V 

Subscripts  : 

D 

e 

f 

m 

w 

x 


Density 

Wall  shear  stress 
Non-dimens,  wall  shear  stress 
Kinematic  viscosity 


Diameter 

Boundary-layer  edge 
Fluid 

Mean  value 
Uall  condition 
Longitudinal  direction 
Free  stream  condition 


Local  wall  friction  forces  are  one  of  the  main  quan¬ 
tities  of  interest  in  experimental  boundary-layer  in¬ 
vestigations,  as  the  local  wall  shear  stress  represents 
one  of  the  boundary  conditions  of  wall  shear  layers.  Con¬ 
siderable  effort  has  been  made  to  develop  dependable  me¬ 
thods  to  measure  these  wall  friction  forces.  A  survey  is 
given  by  WINTER  (1977). 

The  Preston  tube  method  (PRESTON,  1954)  is  one  of 
the  most  widely  used  shear  stress  measuring  techniques 
due  to  its  simple  construction  and  practicability.  It  is 
based  on  the  similarity  law  of  turbulent  boundary-layers 

♦  ..  ♦.  +  u  +  UT  ^  , . , 

u  -  f(y  )  ;  u  -  —  ,  y  -  .  (1) 

This  law  of  the  wall  is  used  to  the  effect  that  a 
measured  quantity  proportional  to  the  velocity  (in  this 
case  the  dynamic  pressure  of  a  wall-Pitot  tube)  can  be 
correlated  to  the  local  shear  stress  at  known  distance  of 
the  measuring  point  from  the  wall  (yeff).  The  correlation 
between  the  dynamic  pressure  and  the  corresponding  wall 
shear  stress  is  usually  represented  by  a  calibration 


The  calibration  parameters  q+  and  x*  can  be  obtained 
directly  from  the  variables  of  the  law  of  the  wall  Eq.(l), 
when  half  the  diameter  of  the  Preston  tube  is  taken  as 


the  characteristic  wall  distance: 

.  u  d/2  2 

♦  1  ,  U  T 

9  “  7  <-7, - II - )  •  1 


u  d/2 


This  direct  relationship  between  the  calibration  pa¬ 
rameters  and  the  boundary-layer  variables  permits  the  ca¬ 


libration  curve  according  to  Eq .  (2)  to  be  calculated 
directly  from  the  wall  law  (NITSCHE,  1980),  Tig.  1. 


U  5  ?  !?  7 b*  7 7  v 

DIMENSIONLESS  PRESSURE  q* 


FIC.  I:  CONVENTIONAL  PRESTON  TUBE  CALIBRATION  CURVE 


This  calculation  was  carried  out  using  the  appropri¬ 
ate  law  of  the  wall  of  turbulent  flat  plate  flow  and 
fully  developed  turbulent  pipe  flow  respectively  accord¬ 
ing  to  VAN  DRIEST  (1956) 


and  the  simplified  relationship  for  the  effective 
wall  distance 

yeff.  *  (d/2)K  5  K  ‘  K3  •  <5) 

The  results  compare  well  with  the  empirical  calibra¬ 
tion  curves  according  to  PRESTON  (1954),  PATEL  (1965) 
and  the  N.P.L.  (1961),  and  hence,  this  calculation  illus¬ 
trates  some  essentials  of  the  Preston  tube  method: 

(1)  The  Preston  tube  calibration  curve  is  mainly 
about  the  transformation  of  a  boundary- layer  sim¬ 
ilarity  law  into  directly  measurable  quantities 
of  a  wall-Pitot  tube.  The  term  'calibration 
curve'  is  justified  in  so  far  as  the  correlation 
of  the  dynamic  pressure  to  the  effective  wall 
distance  of  the  corresponding  velocity  is  an  im¬ 
plicit  part  of  the  calibration,  whereas  the  calcu¬ 
lation  assumes  y  „  to  be  known. 

7eff 

(2)  For  boundary- layer  flows  whose  law  of  the  wall 
deviate  from  the  classical  case,  the  calibration 
curve  shown  in  Fig.  1  no  longer  holds  true  and 
unrestricted  use  leads  to  principle  measuring 
errors . 

(3)  To  determine  wall  friction  forces  correctly  in 
such  cases  (due  to  the  direct  relationship  be¬ 
tween  boundary- layer  law  and  the  calibration 
curve),  we  have  to  take  into  account  calibration 
curves  that  have  been  modified  accordingly.  In¬ 
vestigations  for  some  boundary-layer  parameters 
(dimensionless  pressure  gradient,  heat  flux, 
friction  Mach  number,  wall  roughness)  have  been 
carried  out  by  NITSCHE  (1980)  and  HABERLAND/ 
NITSCHE  (1982). 

(4)  Calibration  curves  cannot  be  formulated  for 
boundary- lay er  flows  whose  similarity  law  is  un¬ 
known,  and  the  classical  Preston  tube  method  as 
well  as  the  extensions  based  on  the  use  of  the 
similarity  laws  fail. 

The  correlation  of  the  dynamic  pressure  to  the 
effective  wall  distance  mentioned  in  (1)  has  been  simpli¬ 
fied  according  to  Eq.  (5)  in  the  calculation  of  Fig.  1. 

As  shown  in  Fig.  2,  a  more  accurate  function  of  the  dis¬ 
placement  factor  K  can  be  obtained  by  means  of  an  approx¬ 
imation  of  the  calculated  calibration  curve  to  empirical 
formulas.  For  the  following  calculations  we  use  a  K- func¬ 
tion  close  to  the  curve  obtained  from  the  PATEL  formulas 
but  for  d*>100  fitted  to  the  experimental  results  of 
Me  KILLAN  (1956). 

The  principle  measuring  errors  mentioned  in  (2) 
using  the  classical  calibration  curve  in  boundary- layer 


PIC.  2:  DISPLACEMENT  FACTOR  DEPENDENT  ON  NON- 
DIMENSIONAL  DIAMETER 


FIG.  3:  MEASURING  ERRORS  IN  NON- ADI ABATI C  FLOWS 

(a):  LAW  OF  THE  WALL  (b):  CALIBRATION  CURVES 

flows,  whose  law  of  the  wall  deviate  significantly 
from  Eq.  (4),  is  exemplified  in  Fig,  3 ■  To  represent  the 
measured  boundary-layer  profile  of  a  strongly  non-adia- 
batic  turbulent  flow  (heat  flux  rate  qw=!2000  W/m2)  in 
law  of  the  wall  coordinates,  the  wall  shear  stresses  re¬ 
sulting  from  the  classical  calibration  curve  for  three 
Preston  tubes  of  different  diameters  were  used.  As  shown 
in  Fig.  3a,  increasing  probe  diameter  causes  growing  de¬ 
viation  in  the  measurement  as  compared  to  that  obtained 
from  a  sublayer  fence.  This  effect  is  explicable  from 
Fig.  3b,  which  shows  the  calibration  curve  for  this  flow 
type,  calculated  from  the  law  of  the  wall  of  non-adia- 
batic  turbulent  flows  given  by  NITSCHE,  THONKER,  HABER¬ 
LAND  (1983),  compared  to  the  classical  calibration  curve. 
Increases  in  dimensionless  pressure  due  to  larger  probe 
diameters  lead  to  increasing  measuring  errors  when  using 
the  classical  calibration  curve  and  to  considerable  devi¬ 
ations  when  the  boundary- layer  is  represented  in  law  of 
wall  coordinates.  Fig.  3a. 

The  need  to  consider  modified  calibration  curves  for 
changed  wall  laws,  as  mentioned  in  (3),  is  evident  from 
Fig.  3.  A  further  example  is  depicted  in  Fig.  4,  which 
shows  the  calculated  calibration  curves  for  compressible 
flows  given  by  HABERLAND/NITSCHE  (1982)  as  compared  with 
the  experimental  results  of  ALLEN  (1973)  and  the  empir¬ 
ical  set  of  calibration  curves  according  to  BRADSHAW/ 
UNSWORTH  (1973)  based  on  these  measurements. 


FIG.  4:  CALIBRATION  CURVESFOR  COMPRESSIBLE  FLOWS 


V 


This  extended  Preston  tube  method  based  on  physical 
boundary- layer  similarity  laws,  offers  additional  possi¬ 
bilities  in  terms  of  applications.  However,  since  we  can¬ 
not  assume  the  boundary- layer  laws  to  be  known  as  a  mat¬ 
ter  of  principle  for  all  flow  types,  general  validity 
has  to  be  ruled  out.  In  addition,  there  are  hardly  any 
promising  formulations  available  which  describe  the 
boundary-layer  for  many  flows  by  means  of  similarity 
laws.  Thus,  the  demand  for  a  more  generally  valid  Pres¬ 
ton  cube  method  necessarily  requires  the  separation  of 
the  method  from  physical  boundary-layer  laws  in  order  to 
overcome  the  restrictions  they  always  involve. 

COMPUTATIONAL  PRESTON  TUBE  METHOD 


As  has  been  mentioned  in  the  introduction,  the  con¬ 
ventional  Preston  tube  method  as  well  as  ics  extensions 
are  based  on  the  unambiguous  correlation  of  a  velocity, 
corresponding  to  the  measured  dynamic  pressure,  to  a 
characteristic  wall  distance  and  the  wall  shear  stress 
determination  via  a  boundary- layer  similarity  lav.  The 
unambiguousness  of  this  correlation  is  expressed  by  the 
fact  chat  the  diameter  of  the  probe  can  be  chosen  freely 
within  the  range  of  validity  of  the  assumed  boundary-lay¬ 
er  law,  i.e.  identical  wall  shear  stresses  are  measured 
using  probes  of  different  diameters.  The  unambiguousness 
of  the  measured  shear  stress  has  naturally  to  play  a  very 
important  part  in  extending  the  Preston  cube  method  to 
boundary- layer  flows  with  unknown  wall  law:  The  former 
method  fails  due  to  the  assumption  of  a  non-appropriate 
law  of  the  wall,  as  can  be  recognized  by  different  wall 
shear  stresses  obtained  from  probes  of  different  diame¬ 
ters.  To  a  certain  extent,  the  reversal  of  this  fact  al¬ 
lows  correct  measuring  values  to  be  expected  for  an  un¬ 
known  wall  law,  if  we  succeed  in  formulating  a  boundary- 
layer  law  which  yields  identical  wall  shear  stresses  when 
applied  to  dynamic  pressures  of  Preston  tubes  of  differ¬ 
ent  diameters. 

Basic  Method 


As  shown  in  Fig.  1,  the  conventional  Preston  tube 
calibration  curve  can  be  computed  by  numerical  integra¬ 
tion  of  the  wall  law,  Eq.  (4),  taking  into  account  a  re¬ 
lationship  for  the  effective  wall  distance.  In  practical 
application  of  this  calibration  curve,  the  paired  values 
q*  and  t+  can  be  interpolated,  however,  it  is  more  conve¬ 
nient  to  apply  the  numerical  calculation  method  by  an  it¬ 
eration  process  to  the  measured  dynamic  Preston  tube 
pressure.  Fig.  5  illustrates  this  procedure:  In  the  first 
step,  (i»l)  the  boundary- layer  profile  for  a  given  ini¬ 
tial  wall  shear  stress  value  is  calculated  with  the  aid 
of  the  wall  law  up  to  the  effective  wall  distance  (ob¬ 
tained  from  the  Preston  tube  diameter  and  the  displace¬ 
ment  function  in  Fig.  2). 

Since  the  velocity  uj  calculated  at  yeff,  does  not 
satisfy  the  velocity  corresponding  to  the  measured  dynam¬ 
ic  pressure,  the  wall  shear  stress  in  the  boundary-layer 
computation  is  varied  iteratively,  until  the  calculation 
matches  the  measured  velocity.  The  local  wall  friction 
thus  determined  is  equivalent  to  the  xw-value  obtained 
from  the  conventional  calibration  curve,  Fig.  1,  and  this 
computer  aided  measuring  technique  can  thus  completely 


FIG.  6:  FRICTION  FACTORS  OF  FULLY  DEVELOPED  TURBULENT 
PIPE  FLOW.  CPM  AND  PRESSURE  DROP  DATA 


replace  the  classical  Preston  tube  method.  Fig.  6  il¬ 
lustrates  this  with  a  comparison  between  the  measured 
friction  factors  of  a  fully  developed  turbulent  pipe  flow, 
which  were  determined  with  the  aid  of  this  computational 
method  and  by  means  of  pressure  drop  measurements  respec¬ 
tively. 


Extension  To  Boundary-Layers  With  Unknown  Law  Of  The  Wall 


As  a  consequence  of  the  assumed  wall  lav,  the  compu¬ 
tational  Preston  tube  method  in  its  basic  version  is  cer¬ 
tainly  subjected  to  the  same  restrictions  as  the  conven¬ 
tional  method.  However,  it  may  be  used  in  boundary-layers 
with  known  parameters  of  influence,  for  example  in  the 
case  of  non-adiabatic  turbulent  flows  as  shown  in  Fig.  3, 
through  analogous  application  of  appropriate  wall  laws. 

However,  even  this  method  has  to  fail  in  measuring 
the  wall  friction  for  unknown  wall  law,  as  the  necessary 
unambiguous  correlation  of  measured  dynamic  pressures  to 
the  wall  law  can  no  longer  be  formulated.  The  intended  ex¬ 
tension  thus  requires  the  introduction  of  the  unambiguous¬ 
ness  of  the  resulting  measured  value  of  xw  as  an  addi¬ 
tional  criteria.  The  basic  method  described  above  can  re¬ 
main  the  starting  point,  it  is,  however,  applied  to  the 
measured  dynamic  pressures  of  two  Preston  tubes  of  differ¬ 
ent  diameters  unlike  the  simple  method  based  on  the  meas¬ 
ured  dynamic  pressure  of  a  single  Preston  tube.  In  case 
the  resulting  wall  shear  stresses  do  not  coincide,  the 
need  for  a  wall  law  arises  which  -  even  when  only  mathe¬ 
matically  formulated  -  will  yield  identical  wall  shear 
stresses  for  both  measured  dynamic  pressures. 

In  order  to  achieve  a  great  scope  of  application, 
the  law  of  the  wall  used  here  necessarily  has  to  permit 
extensive  variations  without  yet  violating  fundamental 
principles  of  the  boundary- layer  theory,  especially  the 
boundary  condition  at  the  wall.  Hence,  it  is  convenient  to 
base  this  formal  law  on  that  of  turbulent  boundary- layer 
flows,  Eq.  (4).  By  including  the  extension  for  near-sepa¬ 
ration  boundary- layer  flows,  as  proposed  by  SZABLEWSKI 
(1969),  Eq.  (A)  can  be  formulated  as  a  wall  law  with 
three  free  parameters 
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FIG.  5:  BOUNDARY-LAYER  ITERATION  IN  THE  BASIC  METHOD 


with  K]  formally  corresponding  to  the  v.Karman  constant, 
K2  to  the  Van  Driest  constant  A*  and  K3  to  the  dimension¬ 
less  pressure  parameter  p+.  For  Ki-0.4,  Kj»26,  and  Kj-0. 
this  wall  law  is  identical  to  Eq.  (A). 

Fig.  7  shows  a  parametric  representation  of  Eq.  (6) 
and  illustrates  the  influence  of  the  free  parameters  as 
well  as  the  range  of  application  of  this  wall  law. 

The  flow  chart  shown  in  Fig.  8  illustrates  the  prac¬ 
tical  application  of  the  computational  Preston  tube  meth¬ 
od  based  on  this  mathematical  wall  law.  Initially,  both 
wall  shear  stresses  resulting  from  the  classical  law  of 
Che  wall  (KjO.A,  K2*26,  Kj-O.)  are  calculated  from  the 
measured  dynamic  pressures  of  the  two  probes.  This  first 
step  is  identical  to  the  basic  method,  Fig.  5.  In  case 
the  two  resulting  wall  shear  stresses  do  not  coincide, 
the  parameters  Kj  in  the  mathematical  wall  law  are  gradu¬ 
ally  varied  by  means  of  an  trial-and-error  iteration  so 
that  the  difference  between  xw,  and  xWJ  decreases  and 
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EXPERIMENTAL  FACILITIES 


FIG.  7:  BOUNDARY-LAYER  MODEL  USED  IN  THE  CPM 


vanishes  in  the  last  iteration  step.  Figs.  9a  and 


9b  are  examples  illustrating  this  iteration  using  a  Kj- 
variation  for  measuring  the  skin  friction  in  a  laminar- 
turbulent  transition  flow  of  a  flat  plate.  The  basic 
method  (Ki«0.4)  yields  a  lover  shear  stress  for  the  smal¬ 
ler  Preston  tube  than  for  the  larger  one  (tui -0.238 


TUj-0.287  N/nr),  Fig.  9b.  This  becomes  likewise  clear 


from  the  first  boundary- layer  calculations.  Fig.  9a, 
which  show  a  larger  velocity  gradient  at  the  wall  for 
the  measuring  point  2. 


In  order  to  verify  the  computational  Preston  tube 
method,  experimental  set-ups  were  planned  which  could  be 
expected  to  show  considerable  deviations  in  the  boundary- 
layer  laws  from  the  classical  cases  of  a  turbulent  flat 
plate  and  fully  developed  turbulent  pipe  flow.  The  first 
facility,  the  ILR-Thermo  Wind  Tunnel,  is  shown  in  Fig. 10. 
This  tunnel  consists  of  two  separate  circuits  for  hot  and 
cold  air  with  infinitely  variable  flow  velocity  and  tem¬ 
perature,  Fig.  10a.  The  upper  test  section  wall.  Fig. 10b, 
could  be  inclined  with  respect  to  the  tunnel  axis  to 
achieve  a  positive  pressure  gradient,  as  well  as  heated 
or  cooled  with  water  to  produce  a  positive  or  negative 
heat  flux  in  the  boundary- layer.  Furthermore,  the  trip 
wire  in  the  inlet  nozzle  could  be  removed,  to  obtain  a 
laminar-turbulent  transition  flow.  The  probe  arrangements 
at  the  test  section  wall  are  shown  in  the  details  of  A] 
and  A2 :  Skin  friction  measuring  probes  to  be  used  as  ref¬ 
erence  measuring  devices  were  mounted  in  the  wall  close 
to  the  tip  of  the  Preston  tubes  (A]  :  Surface  hot  film 
probe  and  thermocouples  to  control  wall  and  probe  support 
temperatures  in  order  to  avoid  measuring  errors  caused  by 
temperature  effects  (NITSCHE,  HABERLAND,  1983),  A2 :  Sub¬ 
layer  fence  and  thermocouples  in  the  tunnel  wall  to  de¬ 
termine  the  heat  flux  rate  and  the  reference  temperature 
to  calculate  the  velocity  from  the  dynamic  pressure). 

The  static  pressure  distribution  was  measured  by  pressure 
taps  along  the  tunnel  axis,  the  dynamic  pressure  of  the 
Preston  tubes  determined  by  the  total  pressure  of  the 
probe  and  the  static  pressure  obtained  from  a  pressure 
tap  at  least  ten  probe  diameters  across  the  probe  tip. 

The  test  pipe  shown  in  Fig.  II  was  used  as  the  sec¬ 
ond  experimental  set-up,  whose  probe  arrangement  was  ba¬ 
sically  the  same  used  in  the  Thermo  Wind  Tunnel. 


FIG.  8:  CPM  FLOW  CHART 


FIG.  10:  THERMO  WIND  TUNNEL  AND  EXPERIMENTAL  ARRANGEMENTS 


The  first  step  of  the  main  iteration  loop  (i-1, 
Kj^).45)  is  used  to  determine  the  potential  direction  of 
the  iteration  procedure  by  comparing  the  resulting  wall 
shear  stresses  with  the  basic  values  (i-0).  In  the  follow¬ 
ing  iteration  steps  the  value  of  Ki  which  yields  identi¬ 
cal  wall  shear  stresses  for  both  probes  is  determined 
iteratively  (Ki«O.I56,  Tw,  2  —0 .171  N/m2),  Fig.  9b.  The 
convergence  of  the  two  wall  shear  stresses  through  the 
iteration  process  can  as  well  be  recognized  from  the  re¬ 
spective  boundary-layer  profiles,  Fig.  9a,  which  con¬ 
verge  progressively  and  collapse  on  one  another  for 
K,-0. 156. 


FIG.  9:  BOUNDARY-LAYER  ITERATION  IN  THE  CPM 


The  measuring  station  of  the  50  mm  test  pipe,  detail 
Aj ,  could  be  shifted  towards  the  inlet  nozzle  up  to  x/D-5 
for  experiments  in  the  inlet  region.  In  addition,  a  meas¬ 
uring  station  in  a  80  mm  pipe  could  be  coupled  at  the 
outlet  side  of  the  50  mm  pipe,  detail  Aj ,  enabling  tests 
in  a  pipe  flow  with  sudden  enlargement. 


FIG.  II:  TEST  PIPE  AND  EXPERIMENTAL  ARRANGEMENTS 

ILR*Institut  fUr  Luft-  und  Raumfahrt  (Department  of  Aero¬ 
nautics  and  Astronautics)  at  Berlin  Technical  Univers. 


Preliminary  tests  were  first  conducted  on  both  the 
test  facilities,  in  order  to  calibrate  the  reference  meas¬ 
uring  devices.  Fig.  12a  shows  the  skin  friction  coeffi¬ 
cients  measured  in  the  'niermo  Wind  Tunnel  (adiabatic  tur¬ 
bulent  flow,  constant  pressure)  and  Fig.  12a"  the  meas¬ 
ured  friction  factors  in  the  50  mm  pipe  at  x/D"70.  Inde¬ 
pendent  of  the  measuring  technique  and  of  the  used  Pres¬ 
ton  tube  diameters,  good  agreement  between  the  data  and 
the  respective  theoretical  friction  laws  can  be  stated. 

The  results  of  the  skin  friction  measurements  con¬ 
ducted  for  varied  test  conditions  are  also  summarized  in 
Fig.  12.  The  Figs.  12b  and  c  show  the  results  obtained  in 
the  test  pipe  (b:  Entrance  flow,  c:  Sudden  enlargement), 
the  Figs.  1 2d—  f  the  measurements  carried  out  in  the  Ther¬ 
mo  Wind  Tunnel  (d:  Laminar-turbulent  transition,  removed 
trip  wire,  e:  Adverse  pressure  gradient,  inclined  plate, 
f:  Strong  heating  and  cooling,  -46°C<T-fluid<»300°C,+20°C 
<T-wall<*40°C) .  The  respective  upper  diagrams  include  the 
data  obtained  from  the  reference  measuring  devices  and 
from  the  conventional  Preston  tube  method  and  indicate 
the  breakdown  of  this  method,  illustrated  by  deviating 


data  obtained  with  different  probe  diameters.  In  con¬ 
trast,  the  results  of  the  computational  Preston  tube  meth¬ 
od  in  the  respective  lower  diagrams  are  in  good  agree¬ 
ment  with  the  sublayer  fence  and  surface  hot  film  data 
and  give  an  impression  of  the  wide  range  of  application 
of  this  measuring  technique. 

In  these  investigations,  the  sublayer  fence  readings 
were  corrected  with  respect  to  the  local  pressure  gra¬ 
dient  (if  necessary)  according  to  PATEL  (1965),  and  the 
influence  of  changed  temperatures  (Fig.  1 2 f )  on  the  sub¬ 
layer  fence  calibration  curve  was  compensated  by  treating 
the  fence  formally  like  a  very  small  Preston  tube,  i.e. 
all  the  properties  in  the  calibration  formula  were  taken 
at  wall  temperature,  except  for  the  density  in  the  dimen¬ 
sionless  pressure,  which  was  taken  at  a  reference  tempe¬ 
rature  at  half  the  height  of  the  fence. 

The  measurements  of  negative  shear  stresses  close  to 
the  backward  facing  step  of  the  pipe  (x/D2<2),  Fig.  12c, 
became  possible  by  calibrating  the  fence  in  the  foreward 
and  backward  mode  (turning  of  the  pipe). 

The  CPM-results  shown  in  Figs.  1 2b*— d*  were  obtained 
with  a  twin-probe.  Fig.  13,  the  results  in  Figs.  I2e*  and 
f*  with  two  single  probes  of  different  diameter. 
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FIG. 12:SKXN  FRICTION  MEASUREMENTS  AT  VARIOUS  TEST  CONDITIONS,  a  and  a*:  PRELIMINARY  TEST  RESULTS  FOR  TURBULENT  FLAT 

PLATE  AND  FULLY  DEVELOPED  TURBULENT  PIPE  FLOW,  b  -  f:  CONVENTIONAL  PRESTON  TUBE  METHOD  COMPARED  WITH  REFERENCE 
MEASURING  TECHNIQUES.  b*-fft:  COMPUTATIONAL  PRESTON  TUBE  METHOD  COMPARED  WITH  PEFERENCE  MEASURING  TECHNIQUES 


DISCUSSION  AND  CONCLUDING  REMARKS 

All  th*  results  of  the  computational  Preston  tube 
method  shown  in  Fig.  12  were  obtained  by  means  of  an  K[- 
iteration  without  any  exception.  Certainly  the  question 
arises  about  the  results  we  would  obtain  using  Che 
parameters  K2  and  K3.  Particularly,  the  unambiguousness 
of  the  measured  wall  shear  stress  had  to  be  investigated. 
For  chat  purpose,  comparative  computations  using  the  Kj , 
K2  and  K3  parameters  have  been  carried  out.  The  results 
of  the  pipe  flow  with  sudden  enlargement,  Fig.  14a,  clear- 
ly  indicate  that  for  this  flow  type,  the  K)  parameter  is 
the  most  useful  one  and  renders  possible  shear  stress 
determinations  up  to  the  reattachment  point.  Closer  than 
xj D2“2  to  the  step,  we  obtain  no  results,  since  the  math¬ 
ematical  wall  law,  Eq.  (6),  does  not  include  recirculat¬ 
ing  effects.  The  variation  parameters  K2  and  K3  are  not 
as  useful  as  K],  particularly  Che  ^-variation  yields 
only  results  for  x/D2>5.  However,  the  main  conclusion  of 
these  comparative  computations  is  the  fact  chat  an  un¬ 
suitable  iteration  parameter  does  not  yield  irregular 
wall  shear  stresses  but  no  results  at  all.  This  is  obvi¬ 
ous  from  an  Kj  and  K2  iteration  for  the  measured  dynamic 
pressures  at  x/D2«2.6,  shown  in  Fig.  15.  Whereas  the  Ki 
iteration  yields  coinciding  wall  shear  stresses  in  the 
course  of  the  computations,  the  K2  iteration  leads  to  no 
result,  indicated  by  the  convergence  of  the  resulting 
wall  shear  scresses  in  the  beginning  of  the  iteration 
process  but  divergence  for  K2<20  without  matching  in  the 
whole  course  of  iteration. 


St/dj  •  is 


-irHi,1* 


< FIG. 13: CPM  TWIN  PROBE 

FIG. 14: CPM  ITERATION  FOR  K1.K2.K3 
V  a:PIPE  FLOW  WITH  SUDDEN 
ENLARGEMENT . 

b: TURBULENT  FLAT  PLATE  FLOW 
WITH  PRESSURE  GRADIENT 
AND  HEAT  FLUX 


irmunoN  sm  — 


FIG.  15: 

CP  M-ITE  RATION 
FOR  Ki and  K2 


—  SUBLAYER 
FENCE 


_  FIG.  16: 

ERROR  SENSITIVITY 

due  to  measuring 

q,  -rz.  1  ERRORS  IN  DYNAMIC 
PRESSURES 


3  \  /-~«aw™ce  §  ’■•0MUWB,wel 

g  ^  5 

* i  I  1 - 1 - 1—  a  as  V  »I  |  a  t  I — t 

OllSiSS  B  11  4  ‘  t 

*/0l  MVNOUX  IMIS 

In  case  of  successful  iterations,  the  resulting 
shear  stresses  obtained  with  the  particular  iteration 
parameters  do  not  agree  exactly,  but  the  differences  art 
acceptable  for  wall  shear  stress  measurements,  Fig.  14a 
and  b. 

The  error  sensitivity  of  this  method  due  to  measur¬ 
ing  errors  in  dynamic  pressures  is  shown  in  Fig.  16.  Errors 
of  f  I  {,  especially  when  occurring  with  change  in  sign, 
cause  deviations  in  the  resulting  wall  shear  stress  of 
5  Z  (<2  Z  when  occurring  in  the  same  direction,  detail 
of  Fig.  16).  To  avoid  these  measuring  errors  to  a  large 
extent,  the  use  of  the  twin  probe  shown  in  Fig.  13  is  rec¬ 
ommended,  which  allows  both  dynamic  pressures  to  be  meas¬ 
ured  simultaneously.  Furthermore,  the  probe  diameters 
should  be  small  and  not  thicker  than  20  Z  of  the  boundary- 
layer,  as  the  mathematical  wall  laws  used  in  the  CPM  are 
valid  only  in  the  near  wall  region.  In  addition,  the 
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probe  diameter  ratio  should  be  di/d2=1.5,  in  order 
to  get  significant  differences  in  the  basic  shear  stresses . 

Concluded,  the  results  obtained  from  the  computation¬ 
al  Preston  tube  method  are  very  encouraging  and  offer  hope 
for  skin  friction  measurements  in  arbitrary  boundary-layer 
flows.  Future  efforts  will  concentrate  on  further  exten¬ 
sions,  for  example  the  introduction  of  additional  itera¬ 
tion  parameters,  which  might  be  necessary  for  other  flow 
types  than  the  ones  investigated  here.  Furthermore,  a 
third  Preston  tube  could  be  added  to  the  iteration  proce¬ 
dure  in  order  to  improve  the  measuring  accuracy,  especial¬ 
ly  to  decrease  the  sensitivity  due  to  measuring  errors  in 
dynamic  pressures  by  considering  the  least  mean  squares 
between  the  computed  and  measured  velocities. 
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ABSTRACT 


It  is  argued  that  a  direct  measurement  of  the  wall 
shear  stress  is  iaq>ortant  in  all  but  the  simplest  of 
boundary- layer  flow  situations.  Wall  shear  stress  data 
obtained  with  a  floating  eleaent  device  are  presented 
for  a  fully  developed  turbulent  boundary  layer  on  a 
rough  (cast)  surface,  and  for  boundary  layer  transition 
on  a  saooth  wall.  Coaparisons  of  the  data  with  esti- 
aates  of  the  wall  shear  stress  obtained  froa  indirect 
techniques  in  coaaon  use  show  considerable  differences . 


INTRODUCTION 


In  the  following,  measurements  of  the  wall  shear 
stress  made  using  a  floating  element  device  are  pre¬ 
sented  for  two  different  situations:  a  fully  developed 
turbulent  boundary  layer  on  a  rough  (cast)  surface, 
and  a  boundary  layer  undergoing  laminar-to-turbulent 
transition  on  a  smooth  wall.  In  both  cases  the  flow  is 
incompressible,  with  a  low  external  turbulence  level 
and  zero  pressure  gradient.  The  data  are  examined  and 
discussed  in  the  context  of  currently  accepted  ideas 
about  such  flows. 


FACILITY  AND  INSTRUMENTATION 
Wind  Tunnel 


An  accurate  measure  of  the  wall  shear  stress  T  is  The  experiments  were  conducted  in  an  open-circuit 

essential  to  the  proper  understanding  of  the  behaviSur  low-speed  boundary-layer  tunnel  of  a  design  similar  to 

of  any  boundary-layer  flow.  The  techniques  generally  that  of  Bradshaw  (1972).  An  aerofoil-type  centrifugal 

used  to  determine  I  may  be  classified  into  three  cate-  blower  is  followed  by  a  straight-sided  wide-angle  dif- 

gories:  momentum  methods,  wall  similarity  techniques  fuser  leading  to  a  settling  chamber  with  nominal  di- 

and  direct  measurements.  A  description  of  these  dif-  mensions  of  800x800  am.  A  honeycomb  and  screens  are 

ferent  approaches  and  their  limitations  so  far  as  tur-  installed  in  the  settling  chamber  which  is  followed  by 

bulent  boundary  layers  are  concerned  is  contained  in  an  8:1  two-dimensional  contraction  leading  into  the 

articles  by  Brown  and  Joubert  (1969)  and  Winter  (1977).  working  section.  This  entire  flow-conditioning  section 

is  mounted  on  a  frame  so  as  to  be  moveable  as  a  unit. 

The  present  paper  underlines  the  importance  of  a  The  3  m-long  test  section  has  an  entry  cross-section  of 

swans  for  the  direct  determination  of  the  wall  shear  800x100  mm  and  is  mounted  on  an  independent  frame.  The 

stress  in  all  but  the  simplest  of  boundary-layer  flow  upper  wall  of  the  test  section  is  the  working  wall  on 

situations.  Similarity  techniques  are  all  based  on  the  which  the  boundary  layer  of  interest  develops;  the  low- 

existence  of  a  region  adjacent  to  the  surface  where  a  er  flexible  wall  may  be  adjusted  to  generate  the  de- 

universal  law  of  the  wall  u/u  =  f(u  y/v)  is  assumed  to  sired  streamwise  pressure  gradient.  The  test  section 

exist,  aod  are  practically  limited  to  turbulent  boundary  and  contraction  may  be  bolted  together  directly  or,  for 

layers  on  smooth  surfaces.  The  limitations  of  momentum  transition  experiments,  a  boundary-layer  bleed  device 

integral  methods  to  obtain  the  wall  shear  stress  are  may  be  inserted  in  between  to  obtain  a  laminar  boundary 

well  known,  especially  in  rapidly  developing  flows  and  layer  with  a  well  defined  origin.  Maximum  airspeed  for 

in  the  presence  of  pressure  gradients.  Even  for  non-  zero  pressure  gradient  is  about  45  m/s.  A  feedback 

inally  two-dimensional  zero-pressure-gradient  boundary  control  circuit  regulates  the  blower  speed  to  maintain 

layers,  an  extremely  small  change  in  flow  cross-section  the  static  pressure  difference  across  the  contraction 

suffices  to  introduce  significant  errors  into  the  de-  (i.e.,  essentially  the  dynamic  pressure  at  the  contrac- 

duced  skin  friction.  tion  outlet)  at  a  desired  value.  Different  test  plates 

with  the  desired  surface  characteristics  may  be  install 

In  view  of  these  limitations,  questions  are  fre-  ed.  Each  plate  carries  a  series  of  90  mm  access  ports 

quently  raised  about  the  validity  and  accuracy  of  skin  with  interchangeable  plugs,  so  as  to  enable  access  to 

friction  data  obtained  using  such  techniques  in  the  boundary  layer  with  a  floating  element  device  or 

'non-standard'  boundary  layers  such  as  those  undergoing  probe  traverse, 

transition,  or  flows  with  wall  roughness,  pressure 

gradients,  or  three-dimensional  effects.  Efforts  are  Instrumentation 

being  made  to  use  laser  anemometry  for  the  measurement 

of  the  mean  velocity  gradient  close  to  the  wall  With  the  exception  of  the  floating  element  device, 

(Maxumder  et.al. (1981),  Reynolds  (1983))  which  could  all  instrumentation  used  is  standard  and  will  not  be  de 

provide  a  useful  alternative  to  obtain  the  wall  shear  scribed  here.  Data  acquisition  is  accomplished  through 

stress  for  flow  over  smooth  surfaces.  However,  at  a  custom-built  interface  to  a  PDP  11/04  minicomputer, 

present,  the  direct  measurement  of  wall  shear  stress  The  system  enables  simultaneous  acquisition  of  8  chan¬ 
using  a  floating  element  device  is  the  only  viable  nels  of  data,  with  a  maximum  data  rate  of  500  kHz  for 

possibility  in  most  instances,  even  though  the  use  of  single-channel  operation.  Up  to  four  channels  of  data 

such  devices  in  the  presence  of  pressure  gradients  is  can  be  pre-conditioned  (biased  and  amplified)  to  make 

beset  with  difficulties. 


best  use  of  the  ±  10  V  (10  bit  resolution)  dynamic 
range  of  the  ADC.  Boundary  layer  profiles  are  meas¬ 
ured  under  computer  control  and  the  data  either 
processed  on-line  or  stored  for  subsequent  processing. 
Floating  element  data  are  individually  recorded,  with 
the  element  being  checked  for  proper  operation  at  each 
measurement . 

Floating  Element 

The  floating  clement,  shown  schematically  in  Figure 
1,  is  of  the  nulling  type,  with  a  range  of  1000  pN,  and 
a  resolution  of  1  pN.  The  central  component,  which  acts 
as  a  balance,  is  the  movement  of  a  precision  galvanom¬ 
eter  which  supports  the  element  itself,  a  disc  of  20  mm 
diameter  .  The  movement  is  carried  on  an  assembly  of 
five  aluminium  slabs  .  Nine  differential  screws,  each 
with  a  movement  of  50  pm/turn,  permit  accurate  posi¬ 
tioning  of  the  element  in  the  surrounding  baseplate. 

The  position  of  the  black-white  interface  on  a  target 
mounted  on  the  back  of  the  element  is  detected  by  a 
fibre-optic  scanner  with  a  spatial  definition  of 
0.25  mb- 


FIGURE  1  SCHEMATIC  DRAWING  OF  FLOATING  ELEMENT. 


The  galvanometer  coil  system  and  optical  position 
detector  operate  in  a  feedback  control  loop.  A  force 
applied  to  the  element  moves  it  away  from  its  null 
position.  The  resulting  output  of  the  position  detector 
is  amplified  and  integrated  to  produce  a  current  through 
the  coil  which  imposes  a  counteracting  torque  to  drive 
the  eleswnt  back  towards  its  null  position.  A 
proportional-integral-differential  (PID)  controller  is 
used  to  ensure  high  accuracy  and  good  transient  behav¬ 
iour.  The  coil  current  is  directly  proportional  to  the 
imposed  force.  A  digital  readout  indicates  the  value 
of  this  force  directly  in  micronewtons.  The  basic 
calibration  of  the  instrument  is  against  a  precision 
(0.1  %)  100  mg  weight  hung  from  the  face  of  the  element 
with  the  coil  axis  and  the  arm  supporting  the  element  in 
a  horizontal  plane. 

The  entire  floating-element  mechanism  is  enclosed 
in  a  sealed  housing  and,  during  operation,  the  pressure 
difference  across  the  element  maintained  close  to  zero. 


Extensive  tests  were  conducted  to  establish  the 
limits  of  accuracy  and  reliability  of  the  device  in 
flows  with  and  without  pressure  gradients.  A  detailed 
description  of  these  tests,  especially  the  behaviour  of 
the  element  in  the  presence  of  pressure  gradients  will 
be  presented  elsewhere.  For  present  purposes  it  suf¬ 
fices  to  say  that  in  both  laminar  and  fully  developed 
turbulent  boundary  layers  on  smooth  walls  with  zero 
pressure  gradient,  measurements  with  the  floating  ele¬ 
ment  were  in  agreement  with  expected  values  to  better 
than  5  %  (see  Figure  7). 


THE  ROUGH  SURFACE  BOUNDARY  LAYER 


There  have  been  many  investigations  of  the  influ¬ 
ence  of  surface  roughness  on  the  turbulent  boundary 
layer.  A  large  number  of  these  have  dealt  with  regular 
roughness  geometries  which,  while  giving  some  insight 
into  the  problem  of  roughness  characterisation,  are  not 
of  direct  practical  interest. 

The  measurements  on  a  cast  aluminium  surface  de¬ 
scribed  here  are  part  of  a  project  aimed  at  examining 
rough  surfaces  with  microgeometries  similar  to  those 
encountered  in  engineering  practice,  as  produced  by 
various  manufacturing  and  finishing  processes.  The 
microgeometry  of  such  a  surface  may  be  characterised  by 
a  set  of  statistical  quantities  including,  for  example, 
the  arithmetic  average  roughness,  the  distribution  and 
autocorrelation  of  the  surface  height  and  the  surface 
slope  angle  distribution.  One  of  the  aims  is  to  estab¬ 
lish  which  quantities  are  the  most  relevant  and  the 
minimum  number  which  yield  an  acceptable  description. 
Another  aim  is  to  determine  if  a  correlation  can  be 
found  between  the  skin  friction  developed  on  a  rough 
surface  and  such  statistical  descriptors  for  the 
surface. 

The  zero-pressure-gradient  boundary  layer  over  the 
cast  surface  has  been  documented  in  detail,  including 
measurements  of  the  mean  velocity,  turbulence  intensity 
and  Reynolds  shear  stress  profiles  .  The  wall  shear 
stress  was  measured  using  a  floating  element.  The  data 
were  examined  to  investigate  the  feasiblity  of  deriving 
the  wall  shear  stress  from  a  fit  to  the  measured  mean 
velocity  distribution  within  the  boundary  layer. 

In  most  investigations  of  turbulent  boundary  layers 
over  rough  walls  that  have  been  reported  in  the  litera¬ 
ture,  the  mean  velocity  profile  has  been  represented 
following  Perry  and  Joubert  (1963)  as  a  combination 
of  the  profile  forms  proposed  by  Clauser  (1954)  and 
Coles  (1956): 

1  =  i  £n(SHt)  +  B  -  +  jjmly/6]  (» 

Here  u  is  the  mean  velocity,  y  the  normal  distance 
from  the  aerodynamic  origin  (i.e.,  where  u  effectively 
goes  to  zero),  v  is  the  kinematic  viscosity  of  the 
fluid,  K  and  B  are  universal  constants  with  values  of 
0.41  and  5.0  respectively,  and  u  is  the  friction  ve¬ 
locity  (=Vt  / p),  T  being  the  will  shear  stress  and  p 
the  fluid  dlnsity)*  Au/u  is  a  measure  of  the  influ¬ 
ence  of  the  roughness  on  the  velocity  profile  (zero  by 
definition  for  an  aerodynamically  smooth  surface)  known 
as  the  roughness  function.  The  last  term  in  equation 
(1)  models  the  wake-like  behaviour  of  the  outer  region 
of  the  boundary  layer.  Since  it  is  in  general  the  case 
that  the  aerodynamic  origin  does  not  coincide  with 
either  the  mean  surface  location  or  the  origin  chosen 
for  the  measurements,  y  is  replaced  by  y  +e,  where  y 
is  the  distance  measured  from  some  arbitrary  origin  and 
£  is  the  incremental  distance  to  the  aerodynamic  origin 
(again  zero  for  a  smooth  surface).  It  has  been  usual  in 
the  past  to  use  some  procedure  to  fit  measured  mean  ve¬ 
locity  profiles  to  a  representation  of  this  kind,  there¬ 
by  obtaining  a  value  for  the  wall  shear  stress  together 
with  the  three  other  independent  parameters:  6,£,  and 
Au/u  . 


An  indirect  method  of  the  kind  just  described  to 
determine  the  wall  shear  stress  is  a  direct  extension  of 
the  procedure  used  for  flow  over  smooth  surfaces,  where 
£  and  Au/u  are  ident-cally  zero,  and  there  are  no  es¬ 
sential  difficulties  in  determining  t  and  6  by  matching 
equation  (1)  to  measured  data.  In  fact,  since  the  con¬ 
tribution  of  the  wake  component  is  usually  negligible 
for  y/6  <  0.5,  may  easily  be  determined  graphically 
using  the  method5first  suggested  by  Clauser  (1954): 
the  mean  velocity  data  are  plotted  in  semi logarithmic 
coordinates  u/u  versus  lnfu^y/v),  and  compared  with 
a  fan  of  straight  lines  representing  the  velocity  var¬ 
iation  in  the  fully  turbulent  core,  with  c,  (=2t  /pu^2) 
as  the  only  parameter.  The  line  which  best1  matcles  a 
measured  velocity  profile  plotted  on  such  a  chart  then 
yields  a  value  for  the  corresponding  skin  friction 
coefficient  c^. 

Figure  2  shows  a  typical  Clauser  chart  for  data 
taken  in  a  zero  pressure  gradient  fully  developed  smooth 
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FIGURE  2  CLAUSER  CHART  FOR  A  MEAN  VELOCITY  PROFILE  IN  A 
SMOOTH-WALL  BOUNDARY  LAYER. 


wall  boundary  layer.  The  values  of  c^  obtained  from  a 
Clauser  chart  and  by  fitting  equation  (1)  (with  e  and 
Au/u  set  equal  to  zero)  to  measurements  according  to  a 
linear  regression  algorithsi  are  generally  within  2  or  3 
per  cent  of  each  other,  and  are  in  good  agreement  with 
both  Preston  tube  and  direct  floating  element 
measurements  of  the  wall  shear  stress. 

For  a  rough  surface,  there  is  in  principle  again  no 
difficulty  in  determining  values  for  c^  and  the  two 
additional  parameters  c  and  Au/u  such* that  there  is  a 
minimum  rms  deviation,  say,  between  equation  (I)  and  an 
experimental  profile.  In  practice,  however,  the  process 
yields  highly  inaccurate  values  of  c,  because  of  a  cru¬ 
cial  difference  between  the  rough  and  smooth  situations. 
This  difference  stems  from  the  small  deviations  from 
linearity  that  are  commonly  found  in  the  mean  velocity 
profile  in  these  coordinates  (see  Coles  (1968)).  For 
smooth  surfaces  these  deviations  are  not  of  major  sig¬ 
nificance.  When  a  fitting  procedure  with  only  the  two 
free  parameters  c,  and  6  is  used,  these  deviations  from 
a  semilogarithmic  behaviour  merely  result  in  an  in¬ 
creased  rms  scatter.  For  rough  surfaces,  on  the  other 
hand,  the  situation  is  quite  different:  the  inclusion 
of  the  additional  parameters  e  and  Au/u  forces  the 
measured  profile  to  be  as  linear  as  possible  in  semi- 
logarithmic  coordinates,  i.e.,  deviations,  which  may 
well  be  Inherent  to  the  data  set,  e.g.,  due  to  the 
influence  of  an  individual  roughness  element,  are 
reduced  to  a  minimum.  The  additional  degrees  of  freedom 
allowed  by  the  simultaneous  choice  of  slope  (c^)  and 
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FIGURE  3  MEAN  VELOCITY  PROFILE  IN  A  CAST  SURFACE 
BOUNDARY  LAYER  (THE  SECOND  AND  THIRD  CURVES  HAVE  BEEN 
SHIFTED  DOWN  RELATIVE  TO  THE  FIRST  FOR  THE  SAKE  OF 
CLARITY). 

intercept  (Au/u  )  generally  result  in  a  much  "better” 
fit  in  a  statistical  sense,  but  can  produce  erroneous 
values  for  these  quantities.  In  fact,  it  is  possible  to 
obtain  more  than  one  set  of  values  for  the  different 
parameters  which  yield  essentially  the  same  "goodness" 
of  fit.  Figure  3  shows  the  result  of  such  a  fitting 
procedure  applied  to  a  mean  velocity  profile  measured 
in  the  cast  surface  boundary  layer.  The  first  curve 
represents  the  raw  data;  the  second  the  results  of  a 
"best”  fit.  Also  shown  is  the  result  obtained  when  the 
value  of  t  ,  independently  measured  using  the  floating 
element,  wis  used  as  an  input,  thus  eliminating  one 
degree  of  freedom  from  the  fitting  procedure.  The  dif¬ 
ference  in  values  of  c^  in  this  case  is  seen  to  be 
about  12  JL.  Differences  as  large  as  30  %  have  been 
found  in  other  cases.  The  results  from  a  fitting  pro¬ 
cedure  with  all  parameters  to  be  determined  were  often 
found  to  be  physically  unrealistic  :  e.g.  I  was 
found  to  increase  with  Reynolds  number  in  some  cases, 
and  negative  values  of  Au/u  were  obtained  in  other 
instances.  On  the  other  hand,  when  the  values  of  T  , 
obtained  from  a  direct  floating  element  measurement, 
were  used  as  an  input  to  the  fitting  procedure,  the 
resultant  Au/u^  exhibited  a  consistent  trend  with 
Reynolds  number.  The  skin  friction  data  obtained  with 
the  floating  element  for  the  cast  surface  are  plotted  in 
Figure  4  against  the  momentum  thickness  Reynolds  number. 
The  corresponding  values  of  the  roughness  function  Au/u^ 
are  plotted  against  a  roughness  Reynolds  number  in 
Figure  5. 


FIGURE  4  VARIATION  OF  SKIN  FRICTION  COEFFICIENT  WITH 
MOMENTUM  THICKNESS  REYNOLDS  NUMBER  FOR  THE  CAST  SURFACE. 
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FIGURE  5  VARIATION  OF  ROUGHNESS  FUNCTION  WITH  ROUGHNESS 
REYNOLDS  NUMBER  FOR  THE  CAST  SURFACE.  A  LINE  PARALLEL 
TO  THE  PRANDTL-SCHLICHTING  SAND  GRAIN  LINE  HAS  BEEN 
DRAWN  THROUGH  THE  DATA  TO  AID  IN  COMPARISON. 


The  difficulties  associated  with  an  extended 
Clauser  plot  approach  of  this  sort  have  also  been  noted  • 
by  Perry,  Schofield  and  Joubert  (1969).  The  effect  is 
illustrated  most  vividly  if  the  fitting  procedure  for  a 
rough  surface  is  applied  to  saooth  surface  data,  i.e.  £ 
and  Au/u  are  not  set  identically  equal  to  zero.  The 
results  of  such  an  exercise  for  the  data  of  Figure  2  are 
shown  in  Figure  6.  The  upper  curve  shows  a  comparison 


FIGURE  6  ROUGH  SURFACE  FITTING  PROCEDURE  APPLIED  TO 
SMOOTH  SURFACE  DATA  (THE  SECOND  CURVE  HAS  BEEN  SHIFTED 
DOWNWARD  FOR  THE  SAKE  OF  CLARITY). 


with  a  "log-law"  line  corresponding  to  the  value  c,  = 
0.00278  obtained  from  the  floating  element.  The  second 
curve  shows  the  results  of  the  fit:  a  value  of  1.11  is 
obtained  for  Au/u  and  the  value  of  0.00314  obtained  for 
cf  is  131  higher  than  the  floating-element  value.  How¬ 
ever,  the  match  between  the  measured  points  and  the 
logarithmic  velocity  distribution  is  excellent.  About 
20  smooth  wall  profiles  were  processed  in  this  fashion. 
The  average  error  in  c,  was  12  X,  with  a  maximum  devia¬ 
tion  of  20  X,  and  values  for  Au/u  were  in  the  range 
0.3  to  2.0  . 

It  is  thus  seen  that  signif  cant  errors  can  be  made 
io  the  estimation  of  the  wall  shear  streas  using 
indirect  techniques  which  apparently  lead  to  excellent 
agreement  with  a  standard  representation  of  the  mean 
velocity  profile. 


BOUNDARY-LAYER  TRANSITION 


The  second  type  of  flow  examined  is  the  low  free 
stream  turbulence,  zero-pressure  gradient  boundary  layer 
undergoing  natural  transition  on  a  smooth  wall.  In  such 
a  situation  it  is  important  to  consider  the  response  of 
the  floating  element,  which  was  designed  to  measure 
forces  with  steady  time  mean  values,  to  sudden  changes 
in  the  wall  shear  force  that  occur  in  the  transition 
region  due  to  the  passage  of  a  turbulent  spot.  As  de¬ 
scribed  in  an  earlier  section,  a  PID  controller  is 
used  to  integrate  the  error  signal  and  provide  the 
necessary  restoring  coil  current.  Since  the  time  con¬ 
stant  of  this  system  to  a  step  input  is  about  0.5 
seconds,  the  instrument  cannot  follow  rapid  changes  in 
the  imposed  shear  force.  Nevertheless,  it  will  register 
a  true  mean  value  of  this  force,  as  long  as  the  changes 
in  the  force  are  not  so  large  as  to  drive  the  instrument 
out  of  the  operating  range  of  the  position  detector.  The 
output  of  the  controller  was  monitored  during  the  meas¬ 
urements,  and  it  was  established  that  the  element  re¬ 
mained  within  this  operating  range  and  yielded  consis¬ 
tent  and  repeatable  values  for  the  wall  shear  force, 
except  for  small  values  of  wall  intermittency  (y  <  0.1). 
At  the  start  of  the  transition  region  the  element  was 
occasionally  driven  out  of  balance,  presumably  by  the 
passage  of  a  turbulent  spot,  and  it  took  some  time  for 
equilibrium  to  be  reestablished.  For  the  transition 
measuresients  reported  here,  upper  and  lower  bounds  of 
the  force  registered  by  the  element  were  recorded  in 
addition  to  the  mean  value. 

Experiments  were  conducted  in  which  the  wall  shear 
stress  was  measured  with  a  floating  element  and  profiles 
of  the  mean  velocity  and  streamwise  turbulent  intensity 
through  the  boundary  layer  were  determined  for  a  number 
of  streamwise  locations  covering  the  laminar,  transition 
and  turbulent  regions,  and  for  a  number  of  different 
free  stream  velocities.  For  each  case,  a  zero  pressure 
gradient  was  maintained  and  the  free  stream  turbulence 
level  was  nominally  the  same  (about  0.4  X)  ■  The  mean 
velocity  measurements  upstream  of  transition  showed  ex¬ 
cellent  agreement  with  the  Blasius  profile  for  all 
cases.  From  Figure  7,  which  shows  the  variation  of  skin 
friction  coefficient  with  momentum  thickness  Reynolds 
number,  Re0,  it  can  be  seen  that  the  value  of  Re0  at 
which  transition  begins  decreases  with  increasing  free 
stream  velocity.  This  result  rs  different  from  the 
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FIGURE  7  VARIATION  OF  SKIN  FRICTION  COEFFICIENT  WITH 
MOMENTUM  THICKNESS  REYNOLDS  NUMBER  THROUGH  THE 
TRANSITION  REGION. 


generally  accepted  view  that  for  a  given  pressure  gra¬ 
dient  and  free  stream  turbulence  level,  the  value  of 
Re0  at  the  start  of  transition  is  unique.  The  variation 
of  Re0  with  Re^  for  the  different  cases,  shown  plotted 
in  Figure  8,  is  consistent  with  the  floating  element 
data  of  Figure  7. 
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FIGURE  8  VARIATION  OF  MOMENTUM  THICKNESS  REYNOLDS  NUMBER 
WITH  THE  X-REYNOLDS  NUMBER  FOR  THE  DATA  OF  FIGURE  7. 


In  the  transition  region,  assumptions  regarding  the 
behaviour  of  the  flow  near  the  wall,  such  as  those  for 
the  fully  developed  turbulent  boundary  layer  that  lead 
to  the  law  of  the  wall,  are  invalid.  In  order  to 
determine  the  wall  shear  stress  in  the  transition 
region,  it  is  the  usual  practice  either  to  make  use  of 
the  momentum  integral  equation  and  integral  quantities 
from  measured  mean  velocity  profiles,  or  to  obtain  the 
wall  shear  stress  as  the  intermittency  weighted  sum  of 
the  corresponding  laminar  and  turbulent  boundary-layer 
shear  stress  values  at  that  Reynolds  number: 


cf  =  (1-VcfL  +  VfT 

where  is  the  value  of  the  intermittency  at  the  sur¬ 
face,  c_  is  the  laminar-flow  value  at  the  appropriate 
Reynolds  number  and  value  of  the  pressure-gradient 
parameter,  and  c_  is  obtained  from  any  standard  corre¬ 
lation  in  terms  of  Re  for  turbulent  boundary  layers 
with  a  proper  choice  for  the  origin  of  the  turbulent 
boundary  layer.  Figure  9  shows  one  of  the  sets  of  skin 
friction  data  from  Figure  7,  plotted  against  the  dis¬ 
tance  from  the  leading  edge  of  the  plate,  with  bands 
to  indicate  the  upper  and  lower  bounds  on  the  shear 
force  as  recorded  by  the  floating  element.  It  is  seen 
that  the  excursions  are  largest  in  the  transition  re¬ 
gion.  Also  shown  are  the  values  for  c.  computed  from 
equation  (2)  using  measured  values  of  the  wall  inter¬ 
mittency  y  .  The  origin  of  the  turbulent  boundary 
layer  was  chosen  as  x  *  SSO  mm,  a  value  determined  from 
measurements  of  the  wall  intermittency  and  extrapolation 
of  the  measured  boundary  layer  thickness  in  the  turbu¬ 
lent  region.  The  agreement  between  measurements  and  the 
computed  values  is  seen  to  be  good  both  upstream  and 
downstream  of  the  transition  region,  but  the  values 
obtained  in  the  transition  region  from  equation  (2)  are 
seen  to  under-predict  the  wall  shear  stress  even  when 
the  uncertainties  in  both  the  floating  element  and  the 
intermittency  data  are  accounted  for. 


FIGURE  9  COMPARISON  OF  MEASURED  AND  COMPUTED  SKIN 
FRICTION  COEFFICIENTS  FOR  U  =  18.9  M/S. 


CONCLUSIONS 


It  nas  been  shown  that  indirect  techniques  for  the 
determination  of  wall  shear  stress  for  boundary  layers 
developing  on  rough  surfaces  and  those  undergoing  tran¬ 
sition  lead  to  considerable  errors.  A  direct  measurement 
of  the  wall  shear  stress  is  seen  to  be  essential  for 
these  and  other  'non-standard'  situations. 
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ABSTRACT 

Comparative  hot - vi re  and  pulsed-vire  measurements 
were  performed  in  a  free  jet  and  a  boundary  layer.  Be¬ 
cause  the  pulsed-vire  system  is  independent  of  turbulent 
intensities  and  structures,  it  is  an  instrument  espe¬ 
cially  well  suited  to  check  hot-vire  response  equations 
in  highly  turbulent  flows.  The  use  of  different  correc¬ 
tions  and  their  limitations  (with  and  without  rectifi¬ 
cation  effects)  for  normal  hot-wires  are  discussed. 

INTRODUCTION 

There  are  many  reasons  for  taking  measurements  in 
highly  turbulent  flows.  Hot-wire  probes,  single  or  multi 
sensor  probes,  are  often  not  accurate  enough  at  turbulent 
intensities  higher  than  20  J.  So  the  following  question 
arises :  How  high  must  the  turbulent  intensity  be  before 
errors  caused  by  inadequate  or  ill-defined  yaw-response 
characteristic  of  the  sensor  are  no  longer  neglibigle 
(Castro  1975)?  Of  course,  for  different  types  of  probes 
we  find  different  answers.  For  example  a  single-wire  pro¬ 
be  can  be  used  (apparently)  at  higher  turbulent  inten¬ 
sities  than  an  x-wire  probe  because  the  range  of  the  yaw 
response  of  an  x-wire  -  a  cone  with  an  angle  of  about 
20  -  is  much  smaller.  This  is  also  true  for  three-wire 

probes  which  theoretically  measure  the  instantaneous  ve¬ 
locity,  but  only  if  this  vector  lies  within  the  well  de¬ 
fined  region  of  yaw  response. 

There  are  many  attempts  to  correct  hot-wire  measure¬ 
ments  in  highly  turbulent  flows  or  to  give  an  error  esti¬ 
mate  for  them.  This  was  mainly  done  by  considering  higher 
order  terms  of  series  expansions  like  that  of  Champagne 
et  al.(l967),  for  example.  Among  others  corrections  were 
developed  by  Heskestad  (1965),  Guitton  (1968)  and  Vagt 
(1969).  It  is  astonishing  that  the  difference  between 
various  results  evaluated  from  complex  or  more  simpler 
considerations  are  small  (see  Vagt  1971).  But  in  all  these 
calculations  the  structure  of  the  turbulence  in  terms  of 
probabiliy  density  distributions  or  statistical  quanti¬ 
ties  was  hardly  ever  taken  into  account.  Furthermore  the 
problem  of  reverse  flow  was  first  convincingly  discussed 
by  Tutu  and  Chevray  (1975).  They  developed  corrections 
for  hot-wire  measurements  in  highly  turbulent  flows  with 
and  without  rectification  effects  based  on  probability 
density  assumptions. 

There  was  one  attempt  to  overcome  the  problem  of 
series  expansion  using  squared  response  equations  (Rodi 
'975)  at  least  for  some  Reynolds  stress  terms  and  for 
the  mean  velocity.  Based  on  that  analysis  Acrivlellis 
(1977/78)  tried  to  extend  these  considerations  to  flow 
fields  of  any  turbulence.  No  rectification  effects  are 
discussed,  however,  in  his  paper  and  so  the  range  of 
applicability  of  his  theory  must  necessarily  exclude  all 
those  turbulent  flows  which  have  reverse  flow.  Further¬ 
more,  as  Gessner  (1982)  mentioned,  not  only  response  mo¬ 
dels  have  to  be  developed,  a  validation  must  follow  in 
order  to  test  how  well  posed  or  how  ill  conditioned  the 
coefficient  matrix  may  be. 


More  recently  Bartenwerfer  . ’981  )  tested  numerically  some 
response  equations,  evaluated  from  series  expansions  and 
squared  equations,  using  simple  functions.  But  it  is  not 
clear  whether  these  results  can  be  used  for  real  measure¬ 
ments  because  the  functions  used  for  the  calculations  are 
step-functions . 

Nevertheless  some  of  these  results  are  very  interes¬ 
ting.  He  finds  that 

(1)  the  error  expected  in  hot-wire  measurements  using 
squared  signals  is  often  larger  than  using  non-squa- 
red  signals  and  that 

(2)  higher  order  response  equations  like  those  of  Vagt 
(1969)  do  not  necessarily  give  better  results. 

Thus,  a  standard  for  hot-wire  measurements  in  highly  tur¬ 
bulent  flow  can  only  be  established  by  other  measuring 
techniques  which  are  independent  of  turbulent  intensities 
and  structures.  Apart  from  Laser-techniques  -  error  dis¬ 
cussions  start  to  appear  -  the  only  other  technique  which 
is  applicable  in  highly  turbulent  flows  is  the  puised- 
wire  one  according  to  Bradbury  and  Castro  (1971).  Finally 
another  system  should  be  mentioned  which  has  a  different 
physical  background,  that  is  the  flying-hot -wire  accor¬ 
ding  to  Coles  and  Wadcock  (1979),  but  here  we  expect  con¬ 
siderable  inferference  problems. 

Because  the  pulsed  wire  is  much  cheaper  than  a  Laser, 
velocimeter  and  can  be  handled  more  easily  as  far  as  data 
processing  is  concerned  it  is  a  very  suitable  instrument 
to  check  hot-wire  response  equations  in  highly  turbulent 
flows . 

PULSED-WIRE  ANEMOMETER 

Since  the  pulsed-wire  anemometer  has  not  beer,  spon¬ 
sored  so  heavily  as  the  LV-system  and  is  therefore  less 
well  known,  some  introductory  remarks  seem  to  be  indica¬ 
ted. 
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Fig.  i  Sketch  of  a  pulsed-wire  probe. 


The  pulsed-wire  probe  consists  of  three  wires  supported 
by  prongs  and  a  stem  fig. ' > .  The  central  wire  is  the 
puised-wire.  Because  of  a  voltage  pulse  of  about  5  _ 
sec.  duration  the  wire  temperature  rises  nearly  instanta¬ 
neously  to  about  300  C.  A  heat  tracer  is  formed  and  cor.- 
vected  away  with  the  velocity  u  of  the  flow.  The  time 
taken  for  the  tracer  to  reach  a  sensor  wire  ideally  is 


where  s  is  the  distance  between  the  pulsed  wire  and  the 
sensor  wires  and  I(|  the  angle  between  the  instantenous 
direction  of  the  velocity  vector  and  the  normal  to  the 
sensor  wires.  The  largest  angular  deviation  of  the  flow 
direction  detected  by  the  sensor  is  given  by 
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where  i  is  the  length  of  the  pick-up  sensor  wires.  To 
obtain  both  the  mean  velocity  and  the  rms-vaiues  of  the 
fluctuations  it  is  necessary  to  record  a  number  of  sam¬ 
ples  and  average  them. 


u  =  m  V~  u.  and 
N  *>-  ,  i 

i=1 


where  N  is  the  total  number  of  samples  and  u.  is  the  ve¬ 
locity  of  the  itfc  heat-tracer. 

Because  of  diffusion  and  electronic  processing  it 
is  necessary  to  calibrate  the  pulsed-wire  probe. 


EXPERIMENTS 

Comparative  measurements  were  performed  in  a  free 
jet  and  in  a  boundary  layer.  Both  flows  were  nominally 
isothermal  and  incompressible.  For  the  free  jet  experi¬ 
ment  we  used  a  DISA-calibration  tunnel.  The  diameter  of 
the  nozzle  was  d  *  3.9  mm.  Free  jet  profiles  have  been 
obtained  at  x/'d  *  56  where  x  is  the  distance  between  the 
nozzle  and  the  measuring  station  along  the  jet  axis.  The 
velocity  at  the  nozzle  exit  was  about  hO  m/s. 

The  boundary  layer  experiment  was  performed  in  an 
axisyrametric  turbulent  boundary  layer  with  a  severe  ad¬ 
verse  pressure  gradient  on  the  verge  of  separation  (Den- 
gel,  Fernholz  and  Vagt  1981). 

Mean  and  fluctuating  velocities  were  measured  by 
means  of  single  normal  hot-wire  probes.  These  probes 
were  developed  in  the  laboratory  (Dahm  and  Vagt  1977) 
and  operated  by  means  of  a  DFVLR  (HDA  III)  constant  tem¬ 
perature  anemometer  unit  (Froebel  1972).  For  the  measu¬ 
rements  of  velocity  fluctuations  a  DFVLR  (TGM  III)  tur¬ 
bulence-intensity  measuring  device  was  used  (Froebel  and 
Vagt  1977).  The  averaging  time  constant  was  about  15  sec. 

For  pulsed-wire  measurements  a  Bradbury  made  pulsed- 
wire  unit  was  used  (Bradbury  and  Castro  1971)  in  conjunc¬ 
tion  with  a  PET  3032  and  Bradbury /Castro  made  software. 
The  number  of  samples  for  each  point  was  1*000. 


FREE  JET  MEASUREMENTS 

The  calibrations  were  performed  on  the  centre  line 
in  the  core  of  the  free  jet.  The  flow  velocity  was  mea¬ 
sured  by  means  of  an  automatic  micro-manometer  (Froebel 
and  Vagt  19T1*)  using  the  pressure  in  the  settling  cham¬ 
ber.  The  contraction  of  the  nozzle  was  about  25  :  1 .  The 
hot-wire  probes  were  calibrated  between  0  -  10  m/s,  the 
pulsed-wire  probe  between  -  9  m/s  to  +  9  m/s  (positive 
and  negative  sensors).  The  hot  wire  calibration  curves 
were  linearized  by  a  poly  nominal  linearizer  (Froebel 
'969).  Though  the  calibration  procedure  was  only  "accu¬ 
rate"  down  to  1  m/s,  the  linearized  output  agrees  well 
with  the  results  from  a  small  carriage  type  calibration 
device  built  for  tne  velocity  range  0  -  1  m/s  (Vagt  and 
Dengel  1980).  Using  this  type  of  calibration  device  one 
can  approximate  hot-wire  calibration  curves  very  accura¬ 
tely  in  the  range  down  to  0. 1  m/s  if  the  max.  velocity 
is  not  higher  than  7  m/s. 

Because  of  the  sensor-wire  length  pulsed-wire  mea¬ 
surements  have  been  performed  in  two  different  positions 
of  the  stem  to  find  influences  which  may  have  been  cau¬ 
sed  by  different  spatial  integration. There  appears  to  be 


Fig.  2  A  comparison  between  pulsed-wire  and  hot-wire 
measurements  in  a  free  jet. 

Fig.  2  shows  measurements  performed  by  a  hot  wire  and  by 
a  pulsed  wire  in  a  free  jet  at  the  same  downstream  posi¬ 
tion.  Two  things  may  be  noted:  (1)  Repeatability  between 
two  subsequent  measurements  is  good,  (2)  the  mean  values 
of  the  velocity  u  measured  by  the  two  different  techni¬ 
ques  show  good  agreement  (differences  up  tc  5*  at  most) 
up  to  radial  distances  Y^/d  *  8  where  Yp.  is  measured 

from  the  jet  axis  and  d  is  the  nozzle  diameter.  At  posi¬ 
tion  further  out  in  the  jet  the  pulsed-wire  has  a  dis¬ 
tinct  advantage  over  the  hot  wire  in  that  it  gives  a  ve¬ 
locity  distribution  which  tends  to  zero  at  the  edge  of 
the  free  jet.  Since  the  hot  wire  "adds  up"  its  signal, 
the  mean  value  of  the  velocity  is  necessarily  larger 
than  zero  at  the  jet  edge. 

As  far  as  the  rms-values  of  the  fluctuation  veloci¬ 
ty  in  x-direction  are  concerned  (Fig. 2)  the  hot  wire  re¬ 
sults  are  approximately  8  5  smaller  than  the  pulsed-wire 
data  for  Yj,  smaller  than  32  mm.  This  difference  is  how¬ 
ever  rather  small  if  one  takes  into  account  that  the  lo¬ 
cal  turbulence  level  is  about  60  S.  Even  at  Yr  =  36  mm 

where  the  turbulence  level  is  approximately  80  S  the  rms- 
values  agree  fairly  well. 

Since  the  mean  velocity  in  this  range  is  so  small 
that  differences  given  in  percent  are  not  very  useful, 
one  should  discuss  absolute  differences  only.  At  Yj.  = 

36  mm  this  difference  is  about  0.2  m/sec. 

BOUNDARY  LAYER 

The  second  part  of  this  investigation  was  performed 
in  a  boundary  layer  with  incipient  separation  (Dengel, 
Fernholz  and  Vagt  1981).  In  Fig.  3  pulsed-wire  and  hot¬ 
wire  measurements  are  compared  at  an  x-statior,  without 
reverse  flow  events.  The  agreement  between  both  measuring 
techniques  is  good,  both  for  the  mean  and  the  fluctuating 
velocities  which  are  plotted  against  the  distance  y  nor¬ 
mal  to  the  wall.  Differences  do  occur,  however,  when  the 
turbulence  level  is  small.  This  is  due  to  specific  pro¬ 
perties  of  tne  pulsea-wire  tecuuique,  like  electronic 
noise,  heat-tracer  diffusion,  tunnel  vibration  and  per¬ 
haps  sensor  and  pulsed-wire  vibration  which  must  be  im¬ 
proved  by  further  development  work.  A  typical  distribu¬ 
tion  of  mean  and  fluctuating  velocities  at  a  position  with 
nearly  zero  skin  friction  is  shown  in  Fig.  1.  The  mean 
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Fig.  3  A  comparison  between  puised-wire  and  hot-wire 
measurements  in  a  boundary  layer  without  back 
flow  events. 


velocity,  measured  with  both  pulsed-wire  and  hot-wire, 
agrees  fairly  well  in  the  outer  region  of  the  boundary 
layer  (y  >  13  mm).  Closer  to  the  wall  (y  <  13  mm)  the 
pulsed-wire  technique  gives  the  correct  results.  The  hot¬ 
wire  data  are  too  large  here  since  the  hot-wire  cannot 
distinguish  upstream  wd  downstream  flow  velocities  and 
adds  up  the  signals.  For  the  rms-distribution  of  the 
fluctuation  velocity  ! x-component )  the  results  of  the 
two  measuring  techniques  differ  largely  from  each  other 
in  the  range  y  <  40  mm.  At  y  »  40  mm  the  local  turbulen¬ 
ce  level  is  21  *  measured  with  the  hot-wire  whereas  the 
pulsed-wire  gives  22.65.  This  is  a  difference  of  about 
7?  based  on  the  pulsed-wire  measurements.  At  y  «  20  mm 
the  respective  values  are  505  measured  by  the  hot-wire 
and  6U  by  the  pulsed-wire,  which  is  a  difference  of 
285.  It  is  interesting  to  note  that  correction  procedu¬ 
res  (dealt  with  below)  for  hot-wire  measurements  at  high 
turbulence  levels  improve  agreement  between  hot-wire  and 
pulsed-wire  measurements  considerably. 


Fig.  h  A  comparison  between  pulsed  and  hot-wire 

measurements  in  a  boundary  layer.  Effect  of  hot¬ 
wire  corrections. 


DISCUSSION  OF  RESULTS 

The  hot-wire  and  pulsed-wire  intensity  measurements 
obtained  so  far  3how  that  the  two  measuring  techniques 
agree  well  in  the  free  jet  up  to  local  turbulence  levels 
of  805  and  disagree  in  the  boundary  layer  from  turbulen¬ 
ce  levels  of  about  205  upward.  It  is  obvious  therefore 
that  the  magnitude  of  the  turbulence  level  cannot  serve 
as  a  sufficient  criterion  for  the  applicability  of  the 
hot-wire  technique  but  that  the  type  of  flow  or  some 
other  property  of  the  turbulence  field  must  play  a  role. 
An  explanation  for  the  behaviour  of  the  hot-wire  in 
different  flows  can  be  given  by  looking  at  probability 
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a,  High  ioca-  turbulence  -cvel  at  low  mean  velocities 
without  any  backflow. 

. b)  High  ioca-  turbulence  level  at  somewnat  larger  mean 
velocities  without  any  backflow, 
c)  High  ioca-  turbulence  level  at  low  and  high  mean 
velocity  range  with  backflow. 

The  probability  density  distributions  in  the  free 
jet  (Fig.  5;  at  the  position  Y,/d  »  5  and  x,.,  d  »  5c 

show  no  negative  flow  events.  The  mean  velocity  is  sma_- 

(<  3  m/s)  but  the  local  turbulence  level  ( u,<:) 1  ^/u  is 
large  (365).  If  one  remembers  that  the  hot-wire  "feels" 
only  positive  flow  events  agreement  between  the  twc  tech¬ 
niques  should  perhaps  be  expected. ! This  is  to  be  seen 
independently  of  nonlinearities  in  the  hot-wire  response 
equation).  At  this  high  level  of  turbulence  differences 
of  about  55  -  105  may  be  considered  as  small,  oecause 
the  mean  velocity  is  small  and  its  accurate  measurement 
rather  difficult. 


yF  =  20  mm 
Xp/d  =  56 
yF/d  =  5 


Fig.  5  Histogram  (free  jet). 


•The  histogram  presented  in  Fig. 6  shows  a  few  negative 
samples  in  a  free  jet  at  Yj,  «  3^  mm  (Y^/d  «  9  mm)  and 

agreement  between  the  two  techniques  should  still  be 
good.  If  one  could  measure  the  same  histogram  by  means 
of  a  hot  wire  it  would  nevertheless  look  slightly  dif¬ 
ferent.  The  "negative"  samples  would  be  found  added  up 
on  the  right  hand  side  and  the  width  of  the  histogram 
would  consequently  be  smaller.  This  means  that  the  hot 
wire  is  seeing  a  slightly  larger  mean  velocity  and  a 
slightly  smaller  turbulence  intensity.  The  latter  is 
directly  proportional  to  the  "width"  of  the  histogram. 

At  Yj,  ■  1*6  mm  (Yy,/d  »  12)  the  number  of  positive 

and  negative  samples  is  of  the  same  order,  and  the  dis¬ 
tribution  is  very  narrow.  Assuming  again  the  negative 
samples  added  tc  the  corresponding  positive  samples  - 
that  is  what  the  hot-wire  really  "feels"  -  the  indicated 
mean  velocity  will  be  larger,  but  the  turbulence  inten¬ 
sity  becomes  smaller. 

We  now  turn  to  probability  density  distribution 
taken  in  an  adverse  pressure  gradient  turbulent  boundary 
layer  (Dengel  »t  al.  1 98 1 ) - 

Fig.  7  shows  a  histogram  at  a  distance  from  the  wall 
(y  ■  l»5  mm)  where  no  "negative"  flow  events  have  occured. 
Tne  form  of  the  histogram  is  quite  different  from  any 
of  these  which  we  have  observed  in  the  free  jet  (Fig.  5 
to  7)  in  that  it  is  skewed.  Since  there  are  no  "negative 
events"  agreement  between  the  two  measuring  techniques 
should  be  good.  The  mean  velocity  is  7.8  and  7.7  m/s 
measured  by  the  pulsed  wire  and  the  hot  wire  respectively 
and  the  intensities  given  by  the  two  techniques  are  al¬ 
most  identical. 

Moving  the  probe  further  towards  the  wall  the  first 
negative  events  occur  at  y  *  30  mm  (Fig.  5).  Their  num¬ 
ber  increases  with  decreasing  wall  distance. 

If  we  apply  the  reasoning  presented  above  to  the 
behaviour  of  a  hot  wire  applied  under  the  conditions 
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Fig.  6  Histogram  (free  jet). 

It  is  possible  to  change  the  pulsed-vire  program  so  that 
only  positive  events  will  be  counted.  This  means  that 
the  pulsed-vire  works  almost  in  the  same  way  as  a  hot 
wire  with  the  important  exception  that  the  negative  sam¬ 
ples  are  not  added  to  the  positive  samples  as  in  the  ca¬ 
se  of  the  hot  wire.  The  result  is  shown  in  Fig.  U  as  the 
long  dashed-line  "arrow".  The  intensities,  measured  by 
the  pulsed  wire  are  smaller  when  the  negative  samples 
are  not  counted  and  this  brings  the  results  closer  to 
the  (erroneous)  hot-wire  results.  In  addition  we  now  ne¬ 
glect  signals  indicating  velocities  smaller  than  1  m/s 


Fig.  8  Pulsed-vire  measurements  in  a  boundary  layer. 

"Tutu  &  Chevray  (1975)  and  Bradbury  (1976)  have  developed 
error  estimates  for  the  mean  and  fluctuating  velocity 
signals  of  normal  hot  wires. 
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Fig.  7  Histogram  (boundary  layer). 


Fig.  9  A  comparison  between  pulsed-vire  and  hot-wire  in 
a  boundary  layer. 
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ABSTRACT 

A  conditional  technique,  based  on  the  detection  of 
temperature  fronts  at  several  points  in  the  spanwise 
direction  in  a  turbulent  boundary  layer,  is  developed 
and  compared  with  a  one  point  technique  (VITA)  and  a 
method  based  on  the  visual  detection  of  fronts.  The 
multipoint  approach  represents  an  improvement  over  the 
one  point  technique.  Conditional  averages  of  temperature 
obtained  with  both  techniques,  are  presented. 

INTRODUCTION 

The  technique  of  conditional  sampling  and  averaging 
(e.g.  Kaplan,  1973;  Antonia,  1980,  1981)  has  contribut¬ 
ed  in  closing  the  gap  between  measurements  often  made  in 
a  Eulerlan  frame  with  information  in  a  Lagrangian  frame, 
inferred  from  flow  visualisation  experiments.  The  study 
of  the  organised  large  scale  motion  in  different  turbu¬ 
lent  shear  flows  has  benefited  from  the  use  of  an  array 
of  sensors  to  simultaneously  measure  velocity  or  scalar 
field  fluctuations  at  a  number  of  points  in  the  flow  field 
(e.g.  Blackwelder,  1979;  Wygnanski,  1979;  Van  Atta, 
1979).  Such  an  array  can,  at  least  in  principle,  help 
with  the  identification  of  the  large  scale  motion  and  per¬ 
haps  also  shed  some  light  on  its  generation,  evolution 
with  respect  to  space  and  time  and  obliteration  or  des¬ 
truction. 

A  common  approach  in  experimental  turbulence  research 
has  been  to  apply  the  conditional  sampling  technique  on 
information  obtained  at  only  one  point  of  space.  Such  an 
approach  has  obvious  limitations  in  the  study  of  the  large 
scale  motion  since  the  existence  of  a  large  structure 
implies  that  there  should  be  some  correlation  and  definite 
phase  relationships  between  the  motion  at  points  through¬ 
out  a  region  of  space  occupied  by  the  structure.  It 
should  be  made  clear  however  that  conditional  averaging 
can  be  usefully  applied  to  Information  obtained  at  one 
point  of  space  provided  the  detection  of  the  structure  is 
based  on  a  significant  region  of  space.  One  example  is 
the  relatively  happy  marriage  of  simultaneous  flow  visual¬ 
isation  and  one  point  hot  wire  or  film  anemometry  (e.g. 
Falco,  1977).  The  possibility  exists  for  one  point  con¬ 
ditional  sampling  technique  such  as  VITA  (variable  inter¬ 
val  time  averaging)  to  be  tested  against  the  detection 
based  on  a  multi-point  scheme.  Such  a  test  was  carried 
out  by  Subramanlan  et  at  (1982),  hereinafter  referred  to 
as  I,  who  compared  VITA  end  other  one  point  techniques 
with  a  method  based  on  the  visual  detection  of  the  temper¬ 
ature  fronts  (e.g.  Chen  and  Blackwelder,  1978)  sensed  by 
a  one-dimensional  array  of  cold  vires,  deployed  in  the 
direction  of  main  shear  of  a  turbulent  boundary  layer. 

The  comparison  indicated  that  qualitative,  but  not  quanti¬ 
tative,  agreement  could  be  obtained.  Reliable  estimates 
of  the  contribution  of  the  large  structure  to  the  momentum 
and  heat  fluxes,  required  that  a  relatively  high  level  of 
confidence  la  achieved  for  conditional  averages  of  the 
appropriate  turbulent  quantities. 

In  the  present  paper,  an  attempt  is  made  to  extend 
the  one  point  method  to  one  where  the  detection  is  based 


on  information  obtained  at  several  points  in  space.  The 
method  is  applied  to  temperature  fronts  obtained  in  a 
slightly  heated  rough  wall  boundary  layer.  The  fronts 
were  identified  using  one-dimensional  arrays  of  cold  wires 
deployed  in  either  the  spanwise  (y)  or  main  shear  (z) 
directions.  In  view  of  the  likely  three-dimensionality  of 
the  structure,  it  was  considered  important  to  incorporate 
information  simultaneously  obtained  in  both  these  direc¬ 
tions.  For  this  purpose,  a  cross-like  arrangement  of  cold 
wires,  deployed  in  both  y  and  z  directions,  was  also  used. 

EXPERIMENTAL  ARRANGEMENT 

Figure  1  shows  the  co-ordinate  system  and  (schematic¬ 
ally)  the  experimental  set-up  in  the  environmental  wind 
tunnel  of  the  C.S.I.R.O.,  Division  of  Environmental  Mech- 
antlcs.  The  K-type  rough  surface  consisted  of  densely 
packed  gravel  (average  height  »  7  mm)  glued  to  baseboards 
located  on  the  floor  of  the  working  section  (11  m  long, 

1.8  m  wide  and  0.65  m  high).  With  the  aid  of  an  upstream 
trip  (a  50  mm  high  fence),  this  surface  generated  a  thick 
turbulent  boundary  layer  in  which  the  maximum  wind  speed 
U„  was  11  ms-1.  The  artificial  thickening  was  intended  to 
simulate  the  flow  within  a  neutral  atmospheric  surface 
layer.  The  height  zp  (=  540  nsn)  corresponding  to  Up  at 
x  ■  6.48  o  represents  an  approximation  to  the  boundary 
layer  thickness.  In  view  of  the  lack  of  a  free  stream  at 
this  location,  zp  and  Up  cannot  strictly  be  identified 
with  i  and  U..  The  roughness  length  z0  *  0.15  mm  and  the 
zero  plane  displacement  of  the  rough  surface  was  6  mm. 


Curvmd  root  adjusted  tor  zero 
pressure  gradient 

™ "Tztwl  U«0»u 

/'I tvl  0.8  .* 


Contraction 

section 


Gravel 


Thermal 

layer 


Tripping 
tence  50mm 
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FIGURE  1  EXPERIMENTAL  ARRANGEMENT  IN  THE  WIND  TUNNEL  AND 
DEFINITION  OF  CO-ORDINATE  AXES 


Part  of  the  rough  surface  was  made  into  a  planar  heat 
source  by  running  heated  Nichrome  wires  laterally  over  the 
gravel,  with  a  spacing  of  2  cm  between  wires.  The  wires 
rested  on  the  gravel  and  provided  an  effective  heat  source 
which  spanned  the  tunnel  width  and  had  a  streamwise  extent 
of  2.88  m.  Measurements  were  made  at  the  downstream  end 
of  the  heated  section,  6.48  m  from  the  fence.  The  "inter- 
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FIGURE  2  TEMPERATURE  TRACES  0fi  USING  AN  ARRAY  OF  SENSORS  DEPLOYED  IN  BOTH  y  AND  z  DIRECTIONS 


nal"  thermal  layer  (Figure  1)  had  a  thickness,  estimated 
from  the  mean  temperature  profile,  of  about  0.37  Zp  at  the 
measurement  station. 

In  all  experiments,  an  X-probe/cold  wire  arrangement 
was  traversed  In  the  z  direction  to  measure  velocity  fluc¬ 
tuation  components  u  and  w  and  the  temperature  fluctuation 
6.  This  arrangement  was  always  at  the  same  x  and  y  loca¬ 
tions  as  the  cold  wire  array  deployed  in  the  z  direction. 

All  cold  wires  were  made  of  0.63  urn  Pt-102  Rh  Wollas¬ 
ton  wires  and  operated  with  circuits  supplying  a  constant 
current  of  0.1  mA.  The  X-wires  were  made  of  5  u,  Pt-102 
Rh  and  were  operated  with  TSI  1050-1  CTA’s  at  a  resist¬ 
ance  ratio  of  1.8.  Signals  from  the  array  of  cold  wires 
and  X-vire/cold  wire  combination  were  first  recorded  on 
an  8-channel  FM  tape  recorder  (HP3968A)  at  a  speed  of 
19  cm*-1  and  later  digitised  Into  a  PDF  11/34  computer  at 
a  sampling  frequency  of  1  kHz.  The  duration  of  the 
digital  records  was  about  60  s. 

SOME  EXPERIMENTAL  RESULTS 

_  The  measured  kinematic  Reynolds  shear  stress  t/c  ■ 

-uw  was  approximately  constant  up  to  z*  •  0.2  ( z*  •  z/zp, 
where  z  Is  measured  from  the  zero  plane  displacement  sur¬ 
face)  ,  yielding  a  friction  velocity  uT  ■  0.50  ms*1. 

Displayed  In  Figure  2  are  simultaneous  temperature 
traces  from  an  array  of  cold  wires  deployed  In  both  y  and 
z  directions.  Digital  lump-sum  filtering,  equivalent  to 
low-pass  filtering  with  a  cut-off  frequency  fj  •  9.8  (the 
asterisk  denotes  normalisation  with  respect  to  either  zp. 

Up  or  both)  was  applied  to  these  signals.  The  filtering 
was  applied  to  allow  easier  visual  focusing  on  signatures 
associated  with  che  large  scale  motion,  at  the  expense  of 
some  degradation  in  the  sharpness  of  the  front.  The 
traces  of  (the  subscript  f  refers  to  filtered  signals 
while  1  denotes  a  particular  sensor  in  the  array)  reveal 
the  characteristic  slow  Increase  in  8  followed  by  a  rela¬ 
tively  sudden  decrease  at  the  temperature  front  and  indi¬ 
cate  good  coherence  over  confined  three-dimensional  regions 
of  space.  The  front  Is  detected  at  approximately  the  same 
Instant  of  time  by  wires  at  the  same  height  z  but  at  dif¬ 
ferent  spanwlse  location  (the  lower  three  traces  in  Figure 
2)  but  occurs  at  Increasingly  earlier  times  as  z  increases. 
Whenever  a  temperature  front  is  detected  on  all  tensors  of 
the  z  array,  the  spenvlse  sensors  alto  detect  the  front. 

In  view  of  the  relatively  small  separation  between  the 
spanwlse  sensors  (Figure  2),  temperature  fronts  detected 
by  these  sensors  are  not  always  detected  by  all  the  ver¬ 
tical  sensors. 

Correlation  coefficients  have  been  obtained  between 
temperature  fluctuations  obtained  at  the  same  z  location 


t* 


FIGURE  3  SPACE-TIME  SPANWISE  CORRELATIONS  OF  SPANWISE 
TEMPERATURE  AT  z*  -  0.16 

The  values  of  y*  for  the  six  wires  used  are  -0.18  (wire  6), 
-0.11  (5),  -0.06  (4),  0  (3),  +0.04  (2),  +0.10  (1) 


but  different  y  values.  The  correlation  coefficient 
R(Ay,x)  ■  83(y,t-T)ei(y+Ay,t)/elei  (x  is  the  time  delay; 
the  prime  denotes  the  standard  deviation)  is  determined 
between  8  measured  at  wire  3  (located  beside  the  X-probe 
at  y  ■  0)  and  the  temperature  at  any  other  spanwise  loca¬ 
tion.  R(Ay,x)  always  exhibited  a  single  maximum  at  i  »  0 
(Figure  3)  lending  some  support  to  the  two-dimensionality 
of  the  front,  given  the  limited  range  of  spanwise  separa¬ 
tions  considered  here. 

Distributions  of  R(Ay,0)  in  Figure  4  compare  well 
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FIGURE  4  SPANWISE  CORRELATION  AT  ZERO  TIME  DELAY 
O,  z*  -  0.33;  □,  0.16;  A,  0.06;  V,  0.02;  — ,  Fulachier 

et  al  (1974),  z/S  »  0.03;  - ,  Rajagopalan  et  al  (1982), 

z/d  ■  0.5 


with  tha  snoot h  wall  rasulcs  of  Fulachier  et  al  (1974)  and 
Rajagopalan  et  al  (1982) .  Although  the  internal  thermal 
layer  la  smaller  than  Zp,  the  similarity  between  the  pres¬ 
ent  correlations  and  those  obtained  in  a  smooth  wall 
boundary  layer  suggest  that,  in  the  present  experiment, 
the  temperature  marking  of  the  large  structure  effectively 
extends  to  the  edge  of  the  thermal  layer  in  the  z  direc¬ 
tion.  (This  limitation  is  not  serious  since,  for  the 
technique  developed  here,  use  is  made  of  the  spanwise 
information  only) . 

DESCRIPTION  OF  CONDITIONING  METHODS 

As  in  the  study  I,  a  detection  criterion  is  applied 
to  one  or  more  signals  (in  this  case  8j)  with  the  aim  of 
Identifying  the  signature  of  the  temperature  front.  From 
a  complete  time  history,  the  detection  algorithm  selects 

n  time  points  t. . .  at  each  of  which  the  signature 

is  detected.  The  output  D  of  this  algorithm  is  equal  to 
unity  at  these  time  points  and  is  zero  otherwise.  The 
conditional  average  of  a  variable  g  is  then  defined  by 

<g(t)>  -  ~  I  gCTj+t) 

so  that  <g(t)>  represents  the  average  behaviour  of  g  in 
the  neighbourhood  of  a  detection  point  r^.  The  time  t  - 
0  arbitrarily  corresponds  to  the  position  where  all  points 
t£  are  made  to  coincide. 

The  three  conditional  techniques  used  here  are  RAKE, 
VITA  (at  one  point)  and  MPVITA  (multipoint  VITA).  RAKE 
is  used,  as  in  I,  as  the  reference  technique;  the  fronts 
are  recognised  visually  on  simultaneous  temperature  traces 
obtained  with  the  cold  wire  array  spanning  a  sufficiently 
large  range  of  either  z*  (0.02  <  z*  <  0.35)  or  y*  (|y*|  s 
0.1)  or  both.  It  is  clear  that  there  will  be  some  arbi¬ 
trariness,  apart  from  that  associated  with  the  visual 
selection,  as  a  result  of  the  magnitude  of  the  z*  and  y* 
ranges,  covered  by  the  sensors. 

In  VITA,  D  is  set  equal  to  1  when  the  conditions 

<m  ^2  2  * 

-  *f  >  k  ej  and  6f  <  0  (1) 

are  first  satisfied.  The  dot  denotes  a  time  derivative, 
k  is  a  threshold  parameter  and  the  tilde  represents  the 

moving  average 

t+ttf 

®f  “  T  |  9f(t)  de 

t-IjT 

which  la  eseentlally  a  low-pass  filtering  operation  with 


cut-off  at  '-sT- 

In  MPVITA,  advantage  was  taken  of  the  fact  that 
fronts  were  observed  to  occur  (Figure  2)  at  essentially 
the  same  time,  at  least  over  a  limited  spanwise  extent. 
VITA  was  first  applied  to  each  of  a  selected  number  N  of 
points  in  the  spanwise  direction.  The  maximum  value  of 
N  used  here  was  3  with  the  spacing  between  adjacent  points 
approximately  equal.  At  each  poinc  j,  the  VITA  algorithm 
yielded  a  pulse  train  Dj  equal  to  one  or  zero  depending 
on  whether  or  not  conditions  (1)  were  satisfied.  The  out¬ 
put  D  of  the  detection  algorithm  for  MPVITA  was  set  equal 
to  one  every  time  the  product  of  all  the  Dj's  changed  from 
zero  to  one,  viz. 

N 

v  D  -  1  (2) 

3-1  J 

D  was  set  to  zero  otherwise.  Conditions  (2)  obviously 
represent  a  more  restrictive  set  of  conditions  than  (1). 
From  an  experimental  viewpoint,  one  would  expect  the  use 
of  (2),  instead  of  (1),  to  lead  to  an  improvement  in  the 
quality  of  detection,  perhaps  at  the  expense  of  statistic¬ 
al  accuracy  due  to  a  reduction  in  the  detected  number  of 
fronts  for  a  time  series  of  a  given  duration.  Kovasznay 
(1979)  has  already  pointed  out  that  the  penalty  incurred 
with  multipoint  conditional  sampling  is  a  reduction  in  the 
number  of  samples  with  a  concomitant  increase  in  the  total 
averaging  time  to  achieve  stable  averages.  He  believe 
that  this  penalty  is  more  than  offset  by  the  improved 
quality  of  detection. 

COMPARISONS  BETWEEN  DETECTION  SYSTEMS 

The  sensitivity  of  the  frequency  f*  of  temperature 
fronts,  using  MPVITA,  to  the  threshold  k,  the  number  N  of 
points  used  and  the  maximum  separation  covered  by  these 
points  was  investigated,  using  as  reference  the  number  of 
fronts  detected  with  RAKE.  For  N  -  3  and  equal  spacing 
between  sensors,  values  of  k  equal  to  0.15  and  0.3  seemed 
optimum  for  separations  Idy*!,,^  equal  to  0.21  and  0.10 
respectively. 

The  Table  shows  a  comparison  between  fronts  detected 
by  RAKE  (using  two  different  observers) ,  VITA  and  MPVITA. 
The  total  number  of  fronts  detected  by  both  observers  was 
about  the  same  (120)  but  the  agreement  between  observers 
was  only  about  74*.  For  VITA  and  MPVITA,  k  and  T*  were 
adjusted  so  that  the  detected  frequency  of  fronts  corres¬ 
ponded  roughly  to  the  visual  estimate  of  RAKE.  The  impor¬ 
tant  message  in  the  Table  is  the  relatively  high  corres¬ 
pondence  of  fronts  achieved  between  MPVITA  and  RAKE.  This 
correspondence,  averaged  between  the  two  observers,  is 


Correspondence  Between  Fronts  Detected  by  RAKE,  VITA 
and  MPVITA  (z*  -  0.18) 


Method 

f* 

- 

No.  of 

Correspondence  Between 

Fronts 

Fronts 

Visual 

Observer 

Observer 

A 

B 

Observer  A 

0.24 

125 

125 

91 

(100*) 

(73*) 

RAKE 

Observer  B 

0.23 

122 

91 

122 

(75*) 

(100X) 

VITA  (k  »  0.75, 

0.24 

130 

76 

66 

T*  -  0.34) 

(58*) 

(51*) 

fk  -  0.135 

0.23 

111 

65 

77 

MPVITA 

(59*) 

(69*) 

(N  -  3, 
T*-0.34, 

k  •  0.20 

k  •  0.30 

0.16 

0.09 

85 

50 

53 

(62*) 

39 

67 

(79X) 

44 

(78*) 

(88X) 

t 

Values  in  brackets  denote  the  percentage  correspondence 
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FIGURE  5  DISTRIBUTIONS  OF  SPANWISE  <61>  AT  2*  =  0.18 
USING  MPVITA  (lAy'lmax  -  0.21,  N  -  3) 

Spanviac  poslciona  for  8i  are  Che  saae  aa  for  Figure  4. 
MPVITA,  I *y* l» -  0.214,  N  -  3  (aeuaora  1,  3,  5) 


FIGURE  6  DISTRIBUTIONS  OF  <B>  AT  Z*  -  0.18 


Method 

Identfn. 

k 

T* 

y* 

Sensors 

MPVITA 

1 

0.30 

0.34 

0.10 

2,  3,  4 

MPVITA 

2 

0.15 

0.34 

0.21 

1,  3.  5 

MPVITA 

3 

0.13 

0.34 

0.28 

1,  3,  6 

VITA 

4 

0.75 

0.34 

— — 

3 

FIGURE  7  TUB  SERIES  8*  IN  WHICH  THE  SENSORS  ARE  AT  THE  SAME  2*  -  0.18  BUT  DIFFERENT  LATERAL  POSITIONS 
The  pulae  la  generated  ualng  MPVITA  (Identification  3,  Figure  6) 


about  65%  and  is  larger  than  that  achieved  by  VITA,  55%. 
Increasing  k  for  MPVITA  (keeping  other  parameters  constant) 
will  reduce  the  total  number  of  events  detected  but  in¬ 
crease  the  proportion  of  events  that  are  in  common  with 
RAKE.  In  the  Table,  increasing  k  from  0.2  to  0.3  increases 
this  correspondence  from  70  to  84%.  The  correspondence  be¬ 
tween  RAKE  and  VITA  in  the  Table  represents  an  improvement 
over  that  given  in  I,  possibly  because  of  the  low-pass 
filtering  of  6  before  applying  VITA.  When  VITA  is  applied 
to  the  unfiltered  temperature  signal  and  with  T*  («  0.10) 
and  k  (-  1.55)  chosen  to  give  f*  =  0.23,  the  correspond¬ 
ence  wlch  RAKE  is  only  about  40%. 

Distributions  of  conditional  averages  <8^>  at  differ¬ 
ent  spanwise  locations  in  the  boundary  layer  are  shown  in 
Figure  5.  These  were  obtained  using  MPVITA  with  N  *  3, 
k  ■  0.2  and  1  Ay*  Lnv  »  0.214.  Specifically,  sensors  1,  3 
and  5  (y*  values  are  given  in  caption  of  Figure  3)  were 
used.  For  sensors  2  and  4,  whose  outputs  were  not  used  in 
the  formation  of  D,  <0^>  is  the  same  as  for  sensors  1,  3, 

5.  In  particular,  there  is  remarkably  little  variation 
for  i  »  1  to  5  in  the  maximum  amplitude  of  <8*>  near  the 
origin.  This  behaviour  was  verified  at  other  values  of  z* 
greater  than  about  0.05  and  suggests  that  it  is  not  neces¬ 
sary  to  include  extra  sensors  in  the  detection  procedure 
when  their  locations  fall  within  the  span  already  covered 
by  the  (sensors  used  in  the)  algorithm.  The  conditional 
signature  at  sensor  6  differs  appreciably  from  that  which 
is  common  to  all  other  sensors.  When  VITA  is  used  to 
detect  fronts  at  a  particular  location  i  of  the  array, 
averages  at  any  other  location  j  (*  i),  conditioned  using 
the  pulses  generated  at  point  i,  are  found  to  differ  sig¬ 
nificantly  from  <©t>.  In  particular,  the  maximum  value 
of  <8],>  decreases  quickly  as  the  distance  between  points 
j  and  1  increase. 

Figure  6  compares  <6>  obtained  with  VITA  and  MPVITA 
for  N  *  3  but  three  different  maximum  values  of  |Ay*|max 
at  z*  «  0.18.  Temperature  sensor  3,  next  to  the  X-wire, 
was  used  with  VITA  and  MPVITA.  The  conditional  distribu¬ 
tions  in  Figure  6,  obtained  for  approximately  200  fronts, 
are  in  qualitative  agreement.  However,  the  maximum  value 
of  <6>  at  or  near  t*  *  0  is  largest  when  VITA  is  used. 

There  may  well  be  some  degradation  in  the  sharpness  of 
the  signature  associated  with  MP'ITA  as  a  result  of  the 
Inevitable,  although  small,  uncertainty  in  precisely 
locating  the  position  of  the  front  when  several  points 
are  involved  in  form.'  :i  D.  A  possible  palliative  would  be 
to  use  MPVITA  for  detection  and  then  calculate  averages 
using  VITA  after  Including  in  VITA  only  those  events  which 
are  common  with  MPVITA. 

A  portion  of  the  temperature  time  series  for  the 
array  of  cold  wires  used  with  MPVITA  to  obtain  <8>  in 
Figure  6  is  shown  in  Figure  7.  The  output  D,  for  MPVITA 
(method  3,  Figure  7)  shown  below  trace  8j ,  indicates  good 
correspondence  with  the  fronts.  The  pulse,  labelled  1, 
is  the  only  questionable  occurrence  while  pulse  marked  2 
would  strictly  not  qualify  as  a  front  as  the  ambient  temp¬ 
erature  is  not  reached  in  the  upper  trace  at  the  location 
marked  with  an  arrow. 

CONCLUSION 

The  one  point  VITA  technique  has  been  extended  to 
Include  detection  of  temperature  fronts  at  several  span- 
wise  points.  This  extension  represents  an  improvement  in 
tens  of  correspondence  of  detection  with  the  visual 
recognition  of  the  fronts  and  should  lead  to  more  reliable 
conditional  averages  of  velocity  or  temperature. 
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ABSTRACT 

A  new  experimental  method  is  described  which  allows 
the  simultaneous  real-time  measurement  of  concentration 
and  velocity  in  simple  flow  fields  of  binary  gas  mix¬ 
tures.  This  method  combines  the  use  of  Rayleigh  light 
scattering  for  concentration  measurements  and  hot-wire 
(or  hot-film)  anemometry.  Calibration  mcthoda  and 
representative  results  are  discussed. 

INTRODUCTION 

As  the  first  stage  in  a  long  range  investigation  of 
the  complex  coupling  of  aerodynamics  and  chemical  heat 
release  which  occurs  in  chemically  reacting  turbulent 
flows,  we  have  initiated  an  investigation  of  the  effects 
on  turbulent  mixing  of  density  differences  between  a 
simple  gas  jet  and  the  surrounding  gas.  We  have  recently 
shown  (Pitts  and  Kashiwagi  1983,  1983a)  that  laser- 
induced  Rayleigh  light  scattering  can  be  used  as  a  simple 
diagnostic  for  absolute  measurements  of  concentration  in 
simple  flow  systems  of  two  different  gases.  This  tech¬ 
nique  is  capable  of  high  spatial  and  temporal  resolution. 

In  order  to  more  completely  characterize  the 
turbulent  behavior  in  these  flows  it  is  also  necessary  to 
measure  the  velocity  behavior.  Ideally,  it  should  be 
possible  to  measure  concentration  and  velocity  behavior 
simultaneously.  Such  mcasureaiancs  allow  correlations  to 
be  calculated  for  the  scalar  value  (concentration)  and 
the  vector  quantity  (velocity) .  Correlations  of  this 
type  appear  when  the  momentum  equations  describing  tur¬ 
bulent  flow  are  Reynolds-  or  Favre-averaged .  A  large 
portion  of  turbulence  siodelers'  effort  is  required  to 
estimate  and  justify  values  for  these  correlations. 
Despite  the  Importance  of  these  terms  in  turbulence 
theory  and  a  great  deal  of  effort  to  develop  diagnostic 
techniques  capable  of  simultaneous  measurements  of 
scalars  and  velocity,  very  few  reliable  results  are 
available.  In  this  work  we  will  describe  a  new  method 
based  on  the  combination  of  Rayleigh  light  scattering 
and  hot-wire  or  film  techniques  which  will  allow 
simultaneous  velocity  and  concentration  measurements 
in  simple  flow  systems  consisting  of  two  gases. 

BACKGROUND 

The  hot-wire  and  hot-film  are  velocity  sensitive 
devices  which  have  been  widely  used  for  velocity 
measurements  in  flows  of  single  gases.  For  constant 
temperature  operation,  the  electrical  input  to  the  device 

*  Certain  commercial  equipment,  instruments,  or  materials 
are  identified  in  this  paper  in  order  to  adequately 
specify  the  experimental  procedure.  Such  identification 
does  not  imply  recommendation  or  endorsement  by  the 
National  Bureau  of  Standards,  nOr  does  it  imply  that  the 
materials  or  equipment  are  necessarily  the  beat  available 
for  the  purpose. 


which  is  required  to  balance  convective  heat  losses  is 
often  analyzed  in  terms  of  King's  law,  (King  1915): 

E2  -  A  +  B/V.  (1) 

E  is  the  voltage  drop  across  che  wire,  and  V  is  the 
projected  velocity  normal  to  the  wire.  A  and  B  are 
parameters  which  depend  on  the  wire  dimensions  and  the 
composition  of  the  surrounding  gas. 

Since  E  depends  on  both  the  composition  and  velocity 
of  the  gas,  a  single  hot-wire  or  film  cannot  yield  con¬ 
centration  and  velocity  in  a  flow  where  both  properties 
are  fluctuating.  Uay  and  Libby  (1970)  and  McQuaid  and 
Wright  (1973)  have  attempted  to  overcome  this  limitation 
by  using  two  different  hot-wires  (or  a  hot-wire  and  a 
hot-film)  chosen  so  that  the  A  and  B  values  of  each 
differed  widely.  For  this  case  two  Independent  equations 
are  available,  and  in  principle  both  concentration  and 
velocity  can  be  measured.  However,  the  variations  in 
voltage  outputs  for  most  gas  pairs  are  not  large  enough 
to  ensure  accurate  measurements.  Some  results  have  been 
reported  by  using  a  suitable  choice  of  gas  pairs 
(McQuaid  and  Wright  1974)  or  by  letting  the  wires 
Interact  (Way  and  Libby  1971,  Slrlvat  and  Warhaft  1982). 
Unfortunately,  this  method  is  difficult  to  apply  and  has 
not  come  into  widespread  use. 

It  is  clear  that  a  much  better  means  of  obtaining 
reliable  velocity  values  in  a  binary  gas  mixture  using 
hot-wires  is  to  measure  concentration  with  an  independent 
technique  and  then  use  this  concentration  value  to  derive 
values  of  A  and  B  for  substitution  in  Eq.  (1).  We  have 
previously  shown  (Pitts  and  Kashiwagi  1983,  1983a)  that 
the  laser-induced  Rayleigh  scattering  intensity  from  a 
binary  gas  mixture  can  be  used  to  accurately  determine 
the  concentrations  of  the  two  gases.  If  hot-wire  or  film 
measurements  could  be  made  simultaneously  within  the  same 
spatial  volume,  both  concentration  and  velocity  measure¬ 
ments  could  be  obtained.  In  practice,  this  is  not 
possible  since  scattering  from  the  hot-wire  or  film  will 
overwhelm  the  Rayleigh  scattering  intensity.  However, 
when  the  scattering  volume  of  the  laser  beam  and  the 
hot-wire  can  be  located  close  enough  together  to  ensure 
that  their  separation  is  small  compared  to  che  spatial 
scales  of  the  concentration  and  velocity  fluctuations, 

Eq.  (1)  can  be  used  to  obtain  "simultaneous  measurements" 
of  concentration  and  velocity. 

EXPERIMENTAL 

Both  hot-wires  (d  •  4  um,  1/d  »  330)  and  hot-films 
(d  •  51  um,  1/d  ■  20)  have  been  used  in  this  study.  The 
probes  as  well  as  the  anemometer  electronics  (model  1050) 
are  from  TSI,  Inc.*  All  measurements  have  been  made  in 
the  constant  temperature  mode.  Standard  velocities  for 
anemometer  calibrations  were  provided  by  a  TSI  calibrator 
(model  1125).  Calibrations  were  performed  for  pure  gases 
(air,  CH4,  CjHo,  and  C02)  and  binary  gas  mixtures  which 
were  premixed  in  a  holding  tank. 
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Figure  1  shows  che  experimental  apparatus  used  to 
perform  simultaneous  concentration  and  velocity  measure¬ 
ments.  It  consists  of  the  Rayleigh  light  scattering 
equipment  which  has  been  described  in  detail  elsewhere 
(Pitts  and  Kashiwagi  1983,  1983a)  and  the  anemometrv 
set-up. 

The  flow  system  consists  of  an  axisymmetric  jec 
generated  by  a  6.35  mm  i.d.  nozzle  and  a  10.2  cm  square 
glass  enclosure  through  which  a  slow  flow  of  che 
secondary  gas  is  passed.  The  enclosure  is  necessary  to 
prevent  dust  from  encering  the  observation  volume  of  the 
laser.  The  coflow  volume  flow  rate  is  high  enough  to 
ensure  that  recirculation  effects  are  absent.  Both  gas 
flows  are  filtered  to  remove  particles.  The  entire  flow 
system  is  mounted  on  a  lathe  bed  which  allows  the  fixed 
observation  volume  to  be  moved  throughout  the  flow  field. 

Results  will  be  reported  for  jec  flows  of  CH4  and 
CjHg  into  air.  Table  1  summarizes  the  flow  conditions. 

VD  is  the  average  velocity  for  the  jet,  Vs  is  the 
surrounding  coflow  velocity,  and  Re  is  the  Reynolds 
number  defined  as  oDV0/u,  where  0  is  the  jet  gas  density, 

D  is  the  jet  diameter,  and  u  is  the  dynamic  viscosity. 

Flow  volumes  are  measured  using  calibrated  rotameters. 

Rayleigh  scattering  is  induced  by  a  CW  argon  ion 
laser  with  an  output  power  of  7  W  at  488  nm.  The  laser  is 
focused  to  a  diameter  of  40  pm,  and  the  observation  volume 
is  400  pm  in  length.  After  collection  at  90°  the 
scattered  light  is  detected  by  a  photomultiplier.  A 
frequency  cutoff  filter  attentuates  the  high  frequency 
components  in  the  photomultiplier  output  before  the  time- 
resolved  signal  is  digitized  and  stored  in  a  Nicolet  1180 
signal  averaging  computer. 

The  hot-wire  or  film  is  placed  1-2  mm  above  the 
center  of  the  observation  volume  of  the  laser  beam  and  is 
aligned  along  the  propagation  direction  of  the  beam.  This 
detector  geometry  makes  the  hot-film  or  wire  sensitive  to 
the  axial  component  (U)  of  the  flow  velocity. 

The  anemometer  output  is  digitized  and  stored 
simultaneously  with  the  photomultiplier  output.  Up  to 
16,384  channels  of  each  signal  can  be  stored.  For  the 
experiments  reported  here,  the  digitization  rate  was  10 
kHz.  By  performing  calibrations  for  scattering  from  the 
pure  gases,  thr  Rayleigh  signal  can  be  converted  directly 
into  a  time  record  of  the  concentration  behavior.  These 
concentrations  are  then  used  to  generate  values  of  A  and 
B  which  are  substituted  into  Eq.  (1).  Velocity  values  are 
then  computed  using  che  recorded  voltages.  The  concentra¬ 
tion  and  voltage  time  records  can  be  offset  by  a  fixed 
number  of  channels  to  allow  for  the  time  required  for  the 
fluid  to  flow  from  the  observation  volume  of  the  laser 
beam  to  that  of  the  velocity  probe.  Sofcware  has  been 
written  to  calculate  the  average  (TJ)  and  rms  (U)  of  the 
time-resolved  velocity  data  record.  In  addition,  the 
correlation  coefficient  (Ry^)  for  the  velocity  and 
concentration  can  be  calculated.  This  correlation 
coefficient  is  equal  to  (o-ff)  (I'-TD/SC. 

RESULTS 

Hot-Wire  and  Film  Calibrations  in  Gas  Mixtures 

As  already  noted,  both  hot-wires  and  films  have  been 
employed  in  this  study.  Hot-films  have  the  advantage  of 
being  more  sturdy  and  less  likely  to  be  broken.  This 
advantage  is  offset  somewhat  by  the  smaller  length  to 
diameter  ratio  of  the  film  compared  to  the  wire.  This 
smaller  ratio  complicates  the  application  of  heat 
tranafer  laws  for  infinite  cylinders  to  the  prediction  of 
changes  in  hot-film  response  to  variations  in  molecular 
properties  and  velocity.  Additionally,  earlier  work  (see 
Comte-Bellot  (1977)  for  a  discussion)  indicates  that  a 
flow  transition,  which  changes  the  heat  transfer 
properties  of  the  fiVe  or  wire,  occurs  for  Re *44.  This 
effect  is  only  important  for  the  hot-film  at  the  flow 
velocities  used  in  this  study. 

State-of-the-art  calibrations  of  hot-wires  or  films 
generally  avoid  using  heat  transfer  relations  and  instead 
fit  polynomials  directly  to  plots  of  voltage  drop  as  a 
function  of  velocity.  Despite  this,  we  have  chosen  to  fit 
our  data  using  Eq .  (1).  In  this  way  we  are  able  to  corre¬ 
late  the  large  amount  of  calibration  data  required,  and 
the  calculation  of  corrected  velocities  from  recorded 
anemometer  outputs  is  simplified.  Our  results  indicate 
Che  use  of  this  equation  introduces  errors  in  the  results 


which  are  less  than  5 %  for  the  velocity  ranges 
investigated . 

Figure  2  shows  changes  in  the  voltage  drop  across  a 
hot-wire  as  a  function  of  velocity  for  several  different 
methane/air  mixtures.  The  solid  curves  drawn  through  the 
experimental  points  are  least  squares  curve  fits  of  Eq. 
(1).  The  insert  within  the  figure  shows  the  behavior  of 
the  parameters  A  and  B  as  a  function  of  methane  mole 
fraction.  These  parameters  have  a  linear  dependence  on 
concentration  as  indicated  by  the  straight  lines  obtained 
from  linear  least  squares  curve  fits. 

The  simple  empirical  heat  transfer  law  of  Kramers 
(1946)  can  be  used  to  predict  the  behavior  of  the  Nusselt 
number  (Nu)  for  heat  transfer  from  a  cylinder. 


Nu 


0.42(Pr)0-2  +  0.57(Pr)°-23 (Re) °' 3 


(2) 


where  Nu  »  hD/k,  Pr  *  uCp/k,  and  the  Reynolds  number  is 
that  appropriate  for  flow  past  a  cylinder,  h  is  the  heat 
transfer  coefficient  for  the  wire  or  film,  k  is  the 
thermal  conductivity  of  the  gas,  Cp  is  the  specific  heat 
of  the  gas,  and  the  other  molecular  properties  are  as 
previously  defined.  The  molecular  properties  are 
evaluated  at  the  average  of  the  heated  wire  or  film  and 
ambient  gas  temperatures.  Using  this  law,  it  can  be  shown 
(Perry  1982)  that  the  parameters  A  and  B  should  have  the 
following  dependencies  on  molecular  properties: 


A~k(Pr) 


0.2 


B~k(Pr)°‘33(l/v)°’5. 


(3) 

(4) 


The  kinetic  theory  of  gases  shows  that  the  transport 
properties  of  CH^/air  mixtures  should  be  linearly 
dependent  on  methane  mole  fraction.  Since  both  Pr  and  v 
(kinematic  viscosity)  are  found  to  differ  very  little  for 
CH4  and  air,  A  and  B  are  predicted  to  be  linearly  depen¬ 
dent  on  CH4  mole  fraction,  which  is  in  good  agreement 
with  experimental  observation. 

A  plot  of  versus  (V)0.5  for  a  hot-film  in 
different  CgHg/air  mixtures  is  shown  in  Fig.  3.  A  slight 
curvature  can  be  seen  in  che  plots,  but  linear  least 
squares  curve  fits  provide  good  representations  of  the 
experimental  data.  A  and  B  values  derived  from  these  fits 
are  shown  as  a  function  of  CgHg  mole  fraction  in  Fig.  4. 
The  dependence  of  the  parameters  on  mole  fraction  is 
highly  nonlinear.  Attempts  to  fit  the  dependencies  of  A 
and  B  to  Eqs.  3  and  4  were  unsuccessful.  However,  Fig.  5 
shows  that  the  CgHg/air  mixture  results  as  well  as  other 
pure  gas  and  mixture  data  can  be  well  represented  by 


A~k(Ra) 


0.18 


(5) 


where  Ra  is  the  Rayleigh  number,  which  is  equal  to  Pr’Gr. 
Gr  is  the  Grashof  number  and  is  expressed  as  Gr  « 
gp^D3si0/ij2,  where  g  is  the  gravitational  constant,  AG  is 
the  temperature  difference  of  the  wire  and  surrounding 
gas,  and  8  is  the  thermal  coefficient  of  expansion  for  the 
gas.  The  dependence  of  A  on  Ra  is  somewhat  surprising 
since  most  heat  transfer  laws  for  cylinders  do  not 
indicate  a  dependence  on  Gr,  but  an  analysis  of  the 
physical  dimensions  of  the  hot-film  and  molecular  gas 
properties  indicates  that  mixed  natural  and  forced 
convection  effects  should  be  important  (Perry  1982). 

Figure  6  shows  that  the  B  values  have  a  dependence  on 
molecular  properties  which  can  be  written  as 


.  .  ,0.21.,  ,0.71 

B  — k(Pr)  /(v) 


(6) 


The  fit  of  this  equation  is  rather  poor,  and  there  are 
systematic  variations  in  the  data  which  indicate  that  B 
may  have  a  more  complicated  dep  =:idence  on  molecular 
properties. 

Using  the  results  shown  in  Figs.  5  and  6,  it  would 
be  possible  to  calculate  values  of  A  and  B  for  any  gas 
mixture  Involving  CjHg,  CO2,  air,  or  CH4.  However,  it 
would  be  necessary  to  generate  the  molecular  properties 
for  each  different  mixture.  For  this  reason,  we  have 
chosen  to  model  the  dependencies  of  A  and  B  on  mole 
fraction  for  each  gas  pair  using  polynomial  least  squares 
curve  fits.  Such  fits  using  second  degree  polynomials  are 
shown  in  Fig.  4  for  CjHg/air  mixtures.  The  calculated 
curves  give  a  good  representation  of  the  experimental 
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measurements  are  also  Included  In  Table  2. 


data.  Similar  curves  were  found  for  C3Hg/C02  mixtures, 
while  linear  dependencies  were  found  for  CH4/alr  mix¬ 
tures  for  both  the  hot-film  and  hot-wire.  Using  these 
analytical  expressions,  it  is  possible  to  rapidly 
calculate  accurate  A  and  B  values  for  any  mixture  of  the 
gases  we  have  studied.  Once  the  A  and  B  values  are 
available,  Eq.  (1)  can  be  used  to  convert  a  measured 
voltage  drop  across  the  hot-film  or  wire  into  a 
calculated  velocity. 

Measurements  in  Turbulent  Flows 

Figure  7  shows  Rayleigh  scattering  intensity 
(converted  to  concentration  values) ,  voltage  behavior  of 
the  hot-wire,  and  calculated  velocity  plotted  as  a 
function  of  time  for  a  CH4  jet  flowing  into  air.  This 
plot  represents  only  a  small  portion  of  the  entire 
real-time  data  record.  These  measurements  were  recorded 
at  a  downstream  distance  of  z/r0  (r0  is  the  pipe  radius) 
of  35  and  an  off-axis  distance  (r/rc)  of  6.9.  This 
locacion  is  in  the  intermittent  region  of  the  jet,  and 
both  probes  will  spend  part  of  the  time  in  the  coflow  and 
part  in  the  jet.  This  effect  can  be  clearly  seen  in  the 
concentration  data  where  distinct  "bursts"  of  CH^/air 
mixtures  appear  as  spikes.  The  Rayleigh  scattering 
intensity  is  noisy  due  to  Poisson  statistics  which  govern 
the  detection  of  photons.  Some  of  this  noise  is 
transferred  to  the  velocity  results  when  Eq .  (1)  is  used 
to  calculate  U.  However,  it  is  clear  that  this  noise  is 
considerably  less  than  the  velocity  fluctuations  and  will 
have  a  small  effect  on  the  statistical  properties 
calculated  for  the  time  profile. 

Examination  of  these  plots  shows  that  there  is  a 
partial  correlation  of  the  concentration  and  velocity. 

For  Instance,  many  of  the  large  "bursts"  of  CH4  are 
accompanied  by  sharp  increases  in  flow  velocity.  This  is 
expected  since  the  presence  of  CH4  Indicates  that  the 
observation  volume  is  within  the  boundary  of  the  jet 
flow.  The  jet  is  turbulent  and  will  have  a  higher 
velocity.  Note  that  the  velocities  measured  outside  of 
the  jet  boundary  (as  indicated  by  the  absence  of  CH4)  are 
close  to  the  air  coflow  velocity  of  0.27  m/s. 

The  average  velocity  at  this  point  in  the  flow  field 
is  0.38  m/s.  A  measurement  on  the  jet  centerline  at  the 
same  downstream  distance  gives  2.76  m/s.  Such  a  velocity 
falloff  as  a  function  of  radial  distance  is  expected  for 
an  axlsymmetrlc  jet. 

Similar  measurements  have  been  made  for  a  propane 
jet  flowing  into  air.  In  this  case  a  hot-film  was  used. 
Figure  8  shows  time  history  plots  of  CgHg  concentration, 
anemometer  voltage  output,  and  calculated  velocity  on  the 
centerline  of  the  Jet  at  z/rQ  »  31.5.  Note  that  the  con¬ 
centration  data  are  less  noisy  than  those  for  CH4  (Fig. 
7).  Propane  scattering  is  much  stronger  than  chat  of 
CH4 ,  and  Che  Poisson  noise  is  substantially  reduced.  Like 
Che  CH4  jet,  the  velocity  and  concentration  fluctuations 
are  partially  correlated,  but  the  correlation  is  clearly 
not  total. 

Measurements  have  been  made  for  the  CgHg/air  flow  at 
several  axial  downstream  positions.  By  varying  the  time 
delay  between  the  concentration  data  and  anemometer 
voltage  data  we  find  chat  the  calculated  average  velocity 
(V)  is  relatively  insensitive  to  time  delay,  whereas  the 
rme  (TO  and,  in  particular,  the  cross  correlation 
coefficient  (Rux)  are  extremely  sensitive  to  the  choice 
of  this  parameter.  Calculations  show  that  7  minimizes 
and  Rug  maximizes  at  equivalent  time  delays,  which  we 
denote  tq.  Tq  was  chosen  as  the  appropriate  time  delay 
co  use  for  Che  calculations.  Table  2  lists  values  of  tq, 
U ,  tT,  and  Rqx  for  several  downstream  positions.  In  addi¬ 
tion,  U  and  Tq  have  been  used  to  calculate  the  effective 
separation  of  the  laser  and  hot-film.  This  separation  is 
denoted  Zg,  and  values  are  Included  in  Table  2. 

Pitot  tube  measurements  of  average  velocity  (TTpitot) 
have  been  made  for  the  same  downstream  positions  as  the 
hot-film  measurements.  These  results  have  been  corrected 
for  gas  density  (from  the  Rayleigh  scattering  results) 
and  velocity  fluctuations  (from  the  hoc-film  results) 
using  this  relation, 

U  t  ’  <2iP/o)  <i+tr2/tr2-t-2(o-TT)  (U-TT) /ZlTT) .  (7) 

AP  Is  the  pressure  drop  across  the  pitot  tube,  and  the 
other  symbols  are  as  already  defined.  Results  of  these 


DISCUSSION 


The  goal  of  this  work  has  been  to  demonstrate  the 
feasibility  of  performing  simultaneous  real-time 
measurements  of  concentration  and  velocity  in  binary  gas 
mixtures.  A  validation  of  the  technique  requires  answers 
to  two  questions:  1)  Can  suitable  relationships  be  found 
to  describe  the  behaviors  of  hot-wires  and  films  in  flows 
of  variable  gas  composition?,  and  2)  Is  che  time  response 
sufficiently  high  and  Che  noise  level  sufficiently  low 
to  allow  accurate  measurements  of  (T  and  Ryx?  We  “ill 
show  that  the  answer  to  the  first  question  is  "yes"  and 
to  the  second  a  qualified  "yes". 

Our  calculations  have  shown  chat  the  determination 
of  r  for  CjHg/air  flows  is  strongly  dependent  on  the 
average  voltage  drop  across  the  sensor  and  the  cali¬ 
bration  parameters  used  in  Eq.  (1).  The  intensity  of 
the  concentration  or  velocity  fluctuations  has  very 
little  effect  on  the  calculated  value  of  TJ.  These 
measurements  thus  provide  an  answer  to  the  first 
question.  In  Table  2  we  list  a  comparison  of  T  recorded 
using  both  a  hoc-film  and  a  pitot  tube  at  varying  posi¬ 
tions  along  the  centerline  of  the  jet.  On  the  average 
the  hot-film  gives  results  for  U  which  are  1.62  less  than 
chose  obtained  from  the  pitot  tube.  Given  the  widely 
different  responses  of  these  devices  to  concentration 
changes  and  the  approximate  nature  of  the  hot-film 
calibrations,  this  agreement  is  considered  excellent. 

A  second  test  of  the  TT  measurements  can  be  made  by 
comparison  of  these  results  with  those  found  in  other 
studies.  In  general,  it  has  been  shown  chat  plots  of 
U0/Uc  versus  z/r0  are  linear.  Figure  9  shows  the  results 
of  Table  2  plotted  in  this  way.  A  very  good  straight 
line  is  found  which  can  be  represented  as 


IT  /V  -  C?'(j-t“)/r  .  (8) 

o  c  1  00 

C^'  is  the  slope  of  the  line,  and  z^  is  a  virtual  origin 
for  the  plot.  The  data  shown  in  the  plot  give  C^'  * 

0.065  and  z£u  •  -7.0ro.  Thring  and  Newby  (1953)  have 
argued  that  plots  of  this  type  for  different  density  je  «■ 
can  be  collapsed  co  a  single  curve  by  using  the  concept, 
of  an  effective  radius  (r£)  where 

rc  ’  r°(pproPane/pair)1/2’  <9> 

When  TT  /IT.  is  plotted  against  r£,  the  slope  (Cj)  is  found 
to  be  0.082.  List  (1982)  has  compared  many  studies  in  the 
literature  and  recommends  a  value  equivalent  to  (C^)ai  • 
0.081  for  air/air  jets.  T.,«.  :greemenc  of  this  value  with 
our  result  is  outstanding. 

Due  to  the  large  differences  in  the  molecular 
properties  of  C3Hg  and  air,  velocity  measurements  in  mix¬ 
tures  of  these  gases  are  extremely  sensitive  co  changes 
in  molecular  composition.  These  mixtures  are  thus 
an  excellent  test  of  the  ability  of  this  technique  to 
measure  velocities  in  variable  composition  flows.  The 
results  discussed  above  indicate  that  this  new  technique 
is  capable  of  measuring  accurace  average  velocities  and 
that  our  hot-film  calibrations  and  calculatlonal  methods 
are  adequate. 

It  is  very  difficult  to  show  that  our  calculated 
velocity  time  profiles  accurately  reflect  the  actual 
behavior  of  the  fluid  velocity.  There  are  many  reports 
of  problems  associated  with  the  use  of  hot-wires  and 
films  (eg.  Comte-Bellot  1977,  Perry  1982)  in  the  absence 
of  the  complications  introduced  by  concentration  fluctua¬ 
tions  and  the  separation  of  the  observational  volumes  for 
the  Rayleigh  scattering  and  the  heated  cylinder. 
Furthermore,  there  are  very  few  reliable  studies  with 
which  to  compare  our  results  for  IT  and  Ry^.  In  this  con¬ 
text,  perhaps  the  best  we  can  hope  to  show  is  that  our 
results  are  reasonable  and  are  consistent  with  similar 
measurements  which  can  be  found  in  the  literature. 

Two  important  points  which  must  be  addressed  are  the 
time  response  of  the  technique  and  the  effect  of  the 
spatial  separation  of  the  concentration  and  velocity 
probes.  The  time  response  of  the  Rayleigh  scattering 
measurements  has  been  analyzed  (Pitts  and  Kashiwagi  1983, 
1983a)  and  for  this  study  was  5  kHz.  The  time  response 
behavior  of  the  hot-wire  or  film  to  combined  velocity  and 
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concentration  fluctuations  is  very  difficult  to  predict. 
However,  visual  comparisons  of  the  light  scattering  and 
voltage  time  profiles  shown  in  Figs.  7  and  8  indicate 
that  the  response  of  each  is  fast  enough  to  follow 
changes  which  occur  in  the  flows  investigated  here.  This 
conclusion  is  supported  by  calculated  power  spectra  for 
the  Rayleigh  scattering  and  voltage  data  which  are  nearly 
identical. 

The  results  for  zj  in  Table  2  show  that  the  laser 
beam  and  hot-film  are  separated  by  as  1.5  mm.  This 
separation  is  only  slightly  larger  than  the  length  of  the 
hot-film  (1  mm)  and  thus  is  not  inconsistent  with  the 
smallest  scales  which  can  be  measured  in  the  flow. 
Measurements  show  that  this  separation  may  affect  values 
of  tT  and/or  R^  at  small  values  of  z  (where  spatial 
scales  are  smaller),  buc  that  the  effect  decreases  as  z 
is  Increased. 

Since  the  velocity  decreases  as  a  funccion  of  z,  a 
frequency  limit  on  the  measurement  of  velocity  would  be 
expected  to  affect  !T  recorded  at  smaller  downstream 
distances  more  than  measurements  made  further  downstream. 
Figure  10  shows  a  plot  of  U0/tTc  as  a  function  of  z/r0.  It 
is  well  known  that  plots  of  this  type  are  usually  linear. 
The  results  of  Table  2  do  give  a  linear  plot  which  can  be 
fit  by  an  equation  of  the  form 

Vtt  -  c“(z-z^U)/r  (10) 

o  c  i  o  o 

where  C2  ■  0.32  and  zaD  -  -10.4rQ. 

An  asymptotic  value  for  the  fluctuation  intensity 
can  be  found  by  dividing  cV'  by  cty  to  give  ( LTc / TTC ) as  ” 
0.20.  McQuaid  and  Wright  (1974)  have  reported  values  of 

<VtfC)as  ^or  a  C02/air  (p carbon  dioxide  *  Ppropane^ 
which  indicate  an  asymptotic  value  >  0.25.  However, 
Uygnanski  and  Fiedler  (1969)  have  made  measurements  on 
air/air  jets  which  indicate  (tTc/Uc)as  «0-28.  We  have 
shown  (unpublished  results)  that  the  negatively  buoyant 
CjHg/air  jet  has  a  smaller  unmlxedness  (5fc/£c)as  than 
air/air  jets.  It  seems  reasonable  to  assume  that 
(tTc/TTc)as  would  also  be  smaller.  If  so,  our  measured 
value  of  0.20  would  be  consistent  with  the  results  of 
Wygnanski  and  Fiedler  (1969) .  Until  more  reliable 
comparisons  can  be  made,  we  can  only  state  that  our 
measurements  may  be  somewhat  low,  but  are  consistent  with 
past  results. 

Table  2  lists  measured  values  of  as  a  function 
of  z/r0.  The  measurements  are  erratic,  but  appear  to 
indicate  values  of  a+0.45  for  downstream  values  of  R(jx- 
It  is  worth  noting  that  when  random  voltage  data  or  an 
assumed  constant  voltage  output  is  combined  with  concen¬ 
tration  data  to  give  a  calculated  velocity  profile,  a 
strongly  negative  correlation  is  calculated. 

For  an  argon/air  jet,  which  is  nearly  as  negatively 
buoyant  as  a  CjHg/air  jet,  McQuaid  and  Wright  (1974) 
measured  R^x  values  which  rose  to  a  maximum  of  as0.7  at 
z/r0asl6  and  chen  fell  tossO.53  at  z/r0  ss40.  The 
validity  of  a  comparison  of  these  results  with  our 
measurements  is  in  doubt  since  these  authors  measured  an 
unmlxedness  of  a<0.35  for  the  Ar/air  jet,  while  our  result 
for  the  CgHg/air  jet  is  (?c/Yc)ag  as0.27  (unpublished 
data) . 

A  few  measurements  of  Rg^  for  air/air  jets  are 
available  for  various  downstream  distances.  These  results 
were  obtained  using  marked  (either  heat  or  particles) 
jets  and  are  summarized  in  Table  3.  These  values  of  Ryx 
are  in  good  agreement  with  our  results.  Since  these 
measurements  were  obtained  using  different  experimental 
techniques,  they  provide  a  strong  indication  that  our 
measurements  of  R^x  fall  in  the  proper  range. 

It  is  clear  that  our  calculated  time  profiles  for 
velocity  are  consistent  with  the  limited  literature 
results  available.  Since  our  measurements  are  extremely 
sensitive  to  calibration  constants,  concentrations,  and 
Tq  values,  we  conclude  that  Rayleigh  scattering 
measurements  of  concentration  do  provide  a  suitable  and 
straightforward  means  of  correcting  hot-wire  or  film 
results  in  order  to  obtain  real  time  velocity  profiles  in 
binary  mixtures  where  concentration  is  fluctuating. 

FINAL  REMARXS 

This  work  has  demonstrated  that  the  combination  of 
Rayleigh  light  scattering  and  hot-probe  techniques 


provides  a  powerful  new  diagnostic  for  simultaneous 
concentration  and  velocity  measurement.  Further  work  is 
required  to  assess  possible  sources  of  errors  and 
limitations  on  such  measurements.  We  hope  chat  this  work 
will  stimulate  other  workers  to  adopt  the  use  of  heated 
probes  in  velocity  fields  having  varying  composition. 
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Figure  1.  Experimental  apparatus  for  simultaneous 
concentration  and  velocity  measurements. 


Figure  3.  Plot  of  hot-film  voltages  squared  versus  the 
square  root  of  velocity  for  the  propane  concentrations 
listed.  Solid  lines  are  linear  least  squares  fits  of  the 
data. 


Figure  2.  Voltage  drop  across  a  hot-wire  as  a  function  of 
flow  velocity  for  several  different  methane-air  mixtures 
(values  of  CH^  mole  fraction  listed  beside  curves). 

Solid  lines  are  least  squares  curve  fits  of  Eq.  1.  Insert 
■hows  corresponding  A  and  B  values  fit  to  linear  least 
.squares  curve  fits. 


Figure  4.  Values  of  A  and  B  (from  Eq.  1)  for  a  hot-film 
as  a  function  of  propane  concentration.  Solid  lines  are 
least  squares  curve  fits  of  data  to  second  degree 
polynomials. 
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Figure  6.  Log-log  plot  of  arbitrary  values  for  B(v)0-5/k 
versus  Pr/v  for  pure  gases  and  mixtures.  Symbols  are  the 
same  as  in  Fig.  5.  The  solid  line  is  a  least  squares  fit 
of  the  results  and  indicates  B  ~kPr/(v)0-^1. 
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Figure  7.  Time  histories  of  concentration,  hot-wire 
output,  and  calculated  velocity  for  a  methane-air  jet. 
The  probes  are  located  at  z/r0«35,  r/r0-6.9. 
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Figure  S.  Log-log  plot  of  A/k  versus  Pr/v  ,  in  arbitrary 
units,  for  the  pure  gases  and  mixtures  listed.  The  solid 
line  is  a  linear  least  squares  curve  fit  of  the  data.  For 
constant  hot-film  temperature  Gr~l/v2,  and  the  line  is 
proportional  to  (Pr*Gr)°-18«(Ra)0.18, 
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Figure  8.  Time  histories  of  concentration,  hot-film 
output,  and  calculated  velocity  for  a  propane-air  jet. 
The  probes  are  located  at  z/r0*31.5,  r/ro«0. 
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Figure  9.  Inverse  centerline  velocity  (normalized  by  exit 
velocity)  of  a  propane  jet  is  plotted  as  a  function  of 
nondlmensionallzed  downstream  distance.  The  solid  line  is 
a  linear  least  squares  fit  of  the  data. 
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Figure  10.  Inverse  centerline  rms  velocity  (normalized  by 
exit  velocity)  of  a  propane  jet  is  plotted  as  a  function 
of  nondimens Iona lized  downstream  distance.  The  solid  line 
is  a  linear  least  squares  fit  of  the  data. 
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ABSTRACT 

The  present  investigation  deals  with  the  transition  to 
turbulence  and  the  behaviour  of  turbulent  flow  in  spheri¬ 
cal  gaps.  Different  initial  and  boundary  conditions  re¬ 
sult  in  different  routes  of  the  transition  from  laminar 
to  turbulent  flows.  The  observed  bifurcations  are  visu¬ 
alized  and  described.  An  analysis  of  the  onset  of  turbu¬ 
lence  is  given  for  the  case  of  a  "sudden-acceleration" 
of  the  inner  sphere. 

INTRODUCTION 

Basic  aspects  of  the  transition  to  turbulence  are  dis¬ 
cussed  for  the  gap  flow  between  two  concentric  rotating 
spheres.  Such  aspects  of  these  transitions  are  described 
in  the  book  of  SWINNEY  and  GOLLUB  (1981)  and  in  the  paper 
of  GOLLUB  and  BENSON  (1930).  Several  authors  try  to  de¬ 
scribe  the  transition  to  turbulent  flow  with  simplified 
mathematical  models.  The  present  situation  may  be  summa¬ 
rized  by  MARSDEN's  (1977)  remark,  that  no  solution  of  the 
Navier-Stokes  equation  is  known  that  described  a  turbu¬ 
lent  flow.  In  view  of  the  exceptional  mathematical  diffi¬ 
culties  connected  with  bifurcation  processes,  flows  are 
of  interest,  which  exhibit  a  sudden  transition  to  turbu¬ 
lence,  SCHULTZ-GRUNOW  (1980).  Such  a  process  without  dis¬ 
crete  bifurcations  can  be  realized  in  the  spherical  gap 
flow  with  a  “sudden-acceleration"  of  the  inner  sphere. 

SPHERICAL -GAP  GEOMETRY 

The  experimental  arrangement  is  principally  shown  in 
figure  1.  The  inner  rotating  sphere  is  surrounded  by  a 
transparent  outer  sphere  at  rest.  The  gap  is  filled  with 
silicone  oil  with  a  kinematic  viscosity  of  v«  8  •  10*6 
m2/s.  Small  aluminium  flakes  makes  the  flow  visible.  The 
dynamical  behaviour  of  the  flow  is  recorded  by' pressure 
measurements  through  holes  in  the  equatorial  plane  of  the 
outer  sphere. 


Fig.  1:  Gap  geometry  of  the  experimental  arrangements 
R  =  75  mm,  R,  *  63.75  mm,  n  =  Ri/R2  =  0.85, 
o  *  s/Rj  =  0.177 

SPHERICAL -GAP  FLOW 

The  non-uniqueness  of  the  solutions  in  the  case  of  sphe¬ 
rical  gap  flows  at  the  same  Reynolds  number  were  first 
shown  by  SAWATZKI  and  ZIEREP  (1970).  The  three  different 
steady  modes  are  shown  schematically  in  figure  2.  Mode  I 
represents  the  rotationally  symmetric  three-dimensional 
basic  flow  without  vortices.  Mode  III  contains  two  vor¬ 
tices  near  the  equator.  Due  to  the  basic  flow  the  vor- 


16.1 


OUAbISTATIC 


INCREASE  OF  REYNOLDS  NUMBER 


c 13  ui 


Fig.  2:  Different  steady  and  rotational  symmetric  modes 
of  flow  at  supercritical  Reynolds  number 
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Fig.  3:  Existence  regions  of  the  flow  modes  and  different 
kind  of  instabilities 


tices  are  directed  inwards  In  the  equatorial  plane.  Mode 
IV  consists  of  four  vortices  near  the  equator.  These  mo¬ 
des  can  be  realized  by  different  accelerations  of  the 
inner  sphere  as  shown  by  WIMMER  (1976).  Other  aspects  of 
these  flows  are  also  investigated  by  YAVORSKAYA  et  al . 
(1980)  theoretically  and  experimentally.  Based  on  these 
modes  the  transition  to  turbulence  is  now  investigated 
for  increasing  Reynolds  number. 


Tne  flow  regions  for  tne  different  modes  are  plotted  as 
a  function  of  the  Reynolds  numoer  in  figure  3.  The  solid 
line  represents  laminar  ^low  whereas  oasned  line  snows 
partial  or  full  turbulent  flow  regions.  Characteristic 
instabilities  are  marked  separately  in  figure  3. 

Mode  I :  Figure  4  shows  flow  patterns  for  different  Rey¬ 
nolds  numbers.  Shear  instabilities  directed  from  the 
poles  toward  the  equator  as  shown  in  figure  4a  occur  for 
Reynolds  numbers  Re  >  4000.  Due  to  these  shear  instabili¬ 
ties  the  flow  in  the  equatorial  plane  become s  wavy.  For 
Reynolds  numbers  Re >  6000  Stuart  vortices  formed  near 
the  poles.  The  interaction  between  Stuart  vortices  and 
shear  instabilities  leads  to  a  stochastic  motion  as  shown 
in  figure  4b.  With  increasing  Reynolds  number  the  turbu¬ 
lent  flow  region  increases  from  the  poles  toward  the 
equator  and  results  in  a  large  scale  structure  of  the 
turbulent  flow  as  shown  in  figure  4c.  The  characteristic 
length  scale  of  the  turbulent  motion  is  of  the  order  of 
the  gap  width,  as  marked  by  the  distance  of  the  two 
arrows.  The  waviness  in  the  equatorial  plane  exists  up 
to  a  Reynolds  number  Re =  10000.  With  increasing  Reynolds 
number  the  influence  of  the  secondary  motion  must  be  con¬ 
sidered.  Then, the  length  scale  of  the  turbulence  struc¬ 
ture  shrinks  since  with  increasing  Reynolds  number  the 
boundary-layer  thickness  decreases. 

Mode  III:  Typical  flow  states  are  shown  in  figure  5  for 
different  Reynolds  numbers.  These  modes  become  unstable 
near  the  poles  with  respect  to  Stuart  vortices  for  Rey¬ 
nolds  numbers  Re  >  6500.  These  vortices  with  spiral  axes 
are  seen  In  figure  5a.  Near  Re*  7000  a  sudden  onset  of 
stochastic  motion  occurs  in  the  two  vortices.  The  struc¬ 
ture  of  these  turbulent  vortices  can  be  seen  clearly  in 
figure  5b.  For  Reynolds  numbers  Re >  8200  shear  instabi¬ 
lity  becomes  important,  resulting  in  a  waviness  of  the 
vortex  boundaries  and  in  a  turbulent  motion  as  shown  in 
figure  5c.  For  Reynolds  numbers  Re >  11  000  the  vortices 
disappear  in  the  basic  flow  so  that  mode  I  is  established, 
but  in  a  turbulent  state. 

Mode  IV:  This  flow  state  with  four  vortices  near  the 
equator  is  shown  in  figure  6a.  For  Reynolds  numbers  Re > 
5000  shear  instability  is  found  in  spiral  form  from  the 
poles  toward  the  vortices.  This  leads  to  a  waviness  of 
the  vortex  boundaries  as  shown  in  figure  6b.  For  Reynolds 
numbers  Re >  5900  Stu>-t  vortices  occur.  The  interaction 
between  these  Stuart  vortices  and  shear  instability  leads 
to  a  stochastic  motion  as  shown  in  figure  6c.  If  the  tur¬ 
bulent  region  reaches  the  vortices  near  Re  >  6000,  a  tran¬ 
sition  takes  place  to  mode  III.  At  this  Reynolds  number 
then  the  flow  is  completely  laminar. 
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Fig.  8:  Characteristic  circumferential  velocity  distribu¬ 
tion  at  the  equator,  on  the  left  just  before  and 
on  the  right  after  the  onset  of  turbulent  motion 
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Fig.  9:  Comparison  of  theoretical  and  experimental  re¬ 
sults 

SUDDEN  INCREASE  OF  REYNOLDS  NUW3ER 

In  the  case  of  a  "sudden-start"  of  the  inner  sphere  to  a 
final  Reynolds  number  Re^ £  8000  the  secondary  motion 
starts  suddenly  in  a  turbulent  form.  The  visualization 
of  such  an  experiment  is  shown  in  figure  7.  The  turbulent 
motion  starts  in  the  equatorial  region  after  a  dead  time 
since  the  sudden-start  of  the  inner  sphere.  With  increa¬ 
sing  time,  the  turbulent  region  grows  towards  the  poles. 
The  turbulence  structure  is  a  function  of  the  meridional 
coordinated*.  The  time  dependence  of  this  event  is  typi¬ 
cal  and  influenced  by  the  final  Reynolds  number.  The  cir¬ 
cumferential  velocity  profiles  before  and  after  the  onset 
of  the  turbulent  motion  are  shown  schematically  in  figure 
8.  A  time-dependent  boundary  layer  is  formed  by  the  mo¬ 
ving  Inner  sphere  similar  to  the  flate-plate  problem  of 
Rayleigh-Stokes.  After  a  characteristic  deadtime  tj  this 
boundary  layer  profile  becomes  unstable  and  changes  into 


two  boundary  layers  near  the  inner  ana  outer  spnere.  Be¬ 
tween  tnese  boundary  layers  tne  angular  momentum  is 
transferred  by  turbulent  fluctuations.  This  transition 
from  the  laminar  to  the  turbulent  circumferential  velo¬ 
city  distribution  aepends  on  the  meridional  coordinate 
while  the  circumferential  velocity  decreases  with  in¬ 
creasing  $*.  This  fact  is  given  by  formula  (1). 

viRj  ,d*>  =  Rj  wl  •  cos  d *  (1) 

The  development  of  the  boundary  layer  in  radial  direction 
is  given  by  relation  (2). 

v(r  ,$*  ,  t)  «  v(R1  ,d*)  •  erfc  (2) 

r*  is  the  gap  coordinate  and  erfc  the  complementary  error 
function. 

For  t  «  1  the  asymptotic  solution  is 

cos  d*  •  /r  =  1  with  t  =  y~  (3) 

This  relation  describes  for  a  short  time  the  onset  of 
turbulent  motion  independent  of  the  final  Reynolds  num¬ 
ber.  Experimental  results  are  shown  in  figure  9  for  fi¬ 
nal  Reynolds  numbers  of  8  •  10! <  Re^  <  4  •  10“.  Figure  9 
includes  also  the  analytical  solution.  Within  the  experi¬ 
mental  error  a  good  agreement  between  theory  and  experi¬ 
ment  is  found. 

CONCLUSION 

The  experimental  results  show  different  routes  for  the 
laminar-turbulent  transition  of  spherical  gap  flows. 
Starting  from  different  initial  conditions  one  obtains 
over  discrete  bifurcations  various  transitions  to  tur¬ 
bulence.  By  means  of  the  "sudden-start"  experiment  a  di¬ 
rect  transition  turbulence  without  bifurcations  is 
achieved.  The  time-  and  space-dependent  onset  of  turbu¬ 
lent  motion  can  be  described  by  a  universal  relation  de¬ 
rived  from  the  Rayleigh-Stokes  problem  for  the  flat 
plate. 
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ABSTRACT 

A  three-dimensional  model  of  the  plane 
mixing  layer  is  constructed  by  applying  digital 
image  processing  and  computer  graphic  tech¬ 
niques  to  laser  fluorescent  motion  pictures  of 
its  transversal  sections.  A  system  of  stream- 
wise  vortex  pairs  is  shown  to  exist  on  top  of 
the  classical  spanwise  eddies.  Its  influence 
on  mixing  is  examined. 

INTRODUCTION 

Some  evidence  has  appeared  lately  Implying 
that  the  nominally  plane  turbulent  mixing  layer 
contains  secondary  structures  involving  the 
deformation  of  the  primary  large  scale  eddies 
along  their  span  (Konrad,  1976,  Browand  and 
Troutt,  1980,  Roshko,  1980,  Jimenez,  1983). 
That  structure  has  been  interpret ed  in  some 
cases  as  being  produced  by  an  array  of  longi¬ 
tudinal  (streamwise)  vortex  pairs  sitting 
approximately  on  the  braids  connecting  consec¬ 
utive  primary  (spanwise)  eddies  (see  Figure  1) . 
Such  an  arrangement  had  been  predicted  theoret¬ 
ically  on  the  grounds  that  any  streamwise  vor- 
ticity  Injected  accidentally  into  the  braids 
would  be  stretched  by  the  straining  field  prod¬ 
uced  by  the  primary  eddies  into  long  longitudi¬ 
nal  vortices  (Corcos,  1979) .  Some  measurements 
of  the  strength  of  these  proposed  vortices  are 
given  in  Jimenez  (1983) ,  where  their  circu¬ 
lation  is  shown  to  be  of  the  same  order  as  that 
contained  in  each  wavelength  of  the  primary 
Kelvin-Helmholtz  instability  responsible  for 
the  formation  of  the  primary  eddies.  This  sug¬ 
gests  that  the  longitudinal  structures  form  as 
a  result  of  the  deformation  of  those  initial 
two-dimensional  eddies  due  to  a 
three-dimensional  instability. 

Such  instabilities  have  been  studied  the¬ 
oretically  by  Pierrehumbert  and  Widnall  (1982) 
and  take  the  form  of  a  wavelike  deformation 
along  the  span  of  the  two-dimensional  vortices. 
Such  a  wavelike  structure  is  strongly  implied 
by  pictures  of  the  transition  region  published 
by  Breidenthal  (1981) .  The  idea  is  that  those 
waves  will  be  stretched  by  the  Corcos  (1979) 
mechanism  to  give  the  elongated  structures 
observed  later  in  the  flow.  The  motion  pic¬ 
tures  published  in  (Roshko,  1980,  Bernal, 
1981b)  offer  a  direct  visualisation  of  spanwise 
sections  of  the  concentration  field  and  clearly 
show  longitudinal  structures  compatible  with 


the  vortex  pair  model.  We  analyse  here  those 
pictures  using  image  processing  and  computer 
graphic  techniques  with  the  purpose  of  recon¬ 
structing  the  three-dimensional  topology  of  the 
flow  and  of  determining  the  influence  of  the 
longitudinal  structure  on  mixing. 

EXPERIMENT  AND  DATA  PROCESSING 

The  experimental  arrangement  and  the  ori¬ 
ginal  motion  pictures  are  described  in  Bernal 
(1981b) .  The  apparatus  itself  is  the  same  one 
used  by  Breidenthal  (1981) .  A  mixing  layer  is 
established  between  two  water  streams  in  a 
tunnel  with  a  7x11  cm.  crosB  section.  One  of 
the  streams  -  the  low  speed  one  -  contains  a 
dye  that  fluoresces  when  illuminated  with  a 
sheet  of  laser  light  of  the  proper  wavelength, 
and  which  is  arranged  perpendicular  to  the 
stream  direction.  Since  the  dye  is  transparent 
to  the  fluorescent  radiation,  the  illuminated 
section  can  be  observed  through  the  body  of  the 
dyed  stream  (Dimotakis,  unpublished).  For  our 
analysis  we  have  used  motion  pictures  of  the 
time  evolution  of  one  such  section.  A  frame 
from  one  of  the  films  is  shown  in  Figure  2. a; 
the  flow  comes  towards  the  observer  with  the 
dye  being  contained  in  the  light  region  on  top. 
That  section  corresponds  to  a  braid  separating 
two  large  eddies,  and  the  "curly''  structures 
visible  in  the  irterface  are  the  ones  due  to 
the  longitudinal  vortices. 


FIG.  1.-  MODEL  FOR  STREAMWISE  VORTICITY  DIS¬ 
TRIBUTION.  AFTER  BERNAL  (1981). 
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Another  section,  taken  at  a  higher  Rey¬ 
nolds  number,  is  shown  in  Figure  2.b.  All  the 
images  were  taken  at  a  distance  of  17  cn.  from 
the  splitter  plate,  and  the  Reynolds  number  was 
controlled  by  changing  the  free  stream  veloci¬ 
ties.  The  momentum  thickness  of  the  boundary 
layers  at  the  high  speed  side  of  the  splitter 
plate  were  not  measured  directly  in  this  exper¬ 
iment,  but  can  be  inferrtu  from  the  values  giv¬ 
en  by  Breidenthal  (1931)  for  the  same 

apparatus.  A  summary  of  the  relevant  flow 
parameters  for  the  two  films  used  in  this  paper 
is  given  in  Table  1.  The  downstream  position  of 
the  illuminated  section,  expressed  as  a  multi¬ 
ple  of  the  initial  boundary  layer  thickness ,  &  , 
is  seen  to  be  about  300  for  the  low  Reynolds 
number  case  and  600  for  the  high  Reynolds  num¬ 
ber  one.  According  to  the  values  given  for  the 
three-dimensional  transition  by  Breidenthal 

(1981)  and  Jimenez  (1983)  ,  the  first  film  cor¬ 
responds  to  the  growth  region  of  the 
three-dimensional  instability,  while  the  second 
one  is  already  in  the  well  developed  region. 

From  these  films  we  have  extracted  three 
sequences,  two  corresponding  to  the  low,  and 
one  to  the  high  Reynolds  number  case.  Each 
sequence  is  formed  by  approximately  200  consec¬ 
utive  frames.  Each  frame  was  digitised  and 
treated  as  the  transverse  section  of  a 

three-dimensional  solid  in  which  the  third 
dimension,  time,  can  be  converted  to  space  (x) 
by  using  a  fixed  convection  velocity  equal  to 
the  average  between  the  two  free  stream  speeds ; 
the  adequacy  of  this  hypothesis  will  be  dis¬ 
cussed  later.  Digitisation  converts  each  frame 
into  a  large  numerical  matrix  in  which  each 
value  represents  the  optical  transmissivity  at 
one  point  of  the  photographic  negative.  When 
all  the  consecutive  frames  are  stacked  togeth¬ 
er,  they  form  a  three-dimensional  array  which 
is  a  digital  model  of  fluorescent  intensity  in 
the  flow.  Any  section  of  this  array,  not  just 
the  original  transversal  ones,  can  now  be  dis¬ 
played  on  a  computer  terminal.  Figure  3  shows 


FIG.  2.-  TWO  FRAMES  FROM  THL  FILMS  ANALYSED  IN 
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FIG.  3.-  STREAMWISE  SECTIONS  OF  TWO  OF  THE 
SEQUENCES  USED  IN  THE  RECONSTRUCTION. 


longitudinal  sections  of  two  of  the  sequences. 
These  sections  correspond  to  the  classical 
two-dimensional  ones  shown,  for  example,  in 
Brown  and  Roshko  (1974)  but,  because  in  this 
case  the  coordinates  are  y-t  instead  of  y-x, 
the  eddies  are  all  at  the  same  stage  of  their 
development  and  do  not  appear  to  grow. 

The  next  step  is  to  relate  the  optical 
density  in  the  negatives  to  dye  concentration 
in  the  fluid.  In  principle  this  density  is  pro¬ 
portional  to  the  amount  of  light  emitted  by  one 
point  in  the  fluid  which,  in  turn,  is  propor¬ 
tional  to  the  product  of  the  laser  beam  inten¬ 
sity  and  the  concentration  of  dye.  In  practice 
the  beam  intensity  is  unknown  and  changes  with¬ 
in  the  picture,  mainly  due  to  absorption  by  the 
dye  and,  although  calibration  is  possible,  it 
was  not  done  when  the  present  films  were 
obtained.  In  the  absence  of  that  information 
we  have  taken  the  concentration  to  be  propor¬ 
tional  to  the  gray  level,  normalised  by  the 
initial  light  intensity  estimated  for  each 
incoming  (vertical)  ray.  There  is  no  guarantee 
that  the  resulting  images  are  adequate  for  more 
than  a  qualitative  analysis  of  the  concen¬ 
tration  field. 

Each  frame  was  filtered  using  a  local 
sliding  average  over  a  5x5  pixel  neighbourhood, 
and  classified  into  three  homogeneous  regions 
on  the  basis  of  the  resulting  concentration. 
These  regions  are  intended  to  represent  each  of 
the  free  streams  and  an  intermediate  "mixed" 
region;  the  choice  of  the  thresholds  separating 
them  is  somewhat  arbitrary.  In  general  it  is 
quite  easy  to  define  thresholds  giving  the 
approximate  "outer"  limits  of  the  mixing  layer 
since,  particularly  in  the  low  Reynolds  number 
case,  there  is  a  visually  sharp  interface  out¬ 
side  which  the  fluid  is  unmixed.  Isolevel 
lines  outside  these  thresholds  have  a  very  con¬ 
voluted  shape,  typical  of  photographic  noise 


FIG.  4.-  SEGMENTED  VERSION  OF  THE  FIGURE  2.  A, 
AFTER  CLASSIFICATION  AND  FILTERING. 


while,  inside  them,  they  are  much  smoother.  In 
the  high  Reynolds  case  the  distinction  is  not 
sc  clear  but  an  outer  limit  can  still  be 
defined. 

Note  that,  because  of  the  beam  absorption 
problem,  it  is  not  possible  to  assign  a  single 
brightness  level  to  each  stream  and  to  compute 
the  thresholds  as  fractions  of  those  levels. 

The  classified  frames  have  to  be  smoothed 
further  to  eliminate  the  "salt  and  pepper" 
noise.  This  is  done  by  using  a 
three-dimensional  majority  voting  scheme.  Each 
element  in  the  three-dimensional  classified 
array  is  considered  as  the  centre  of  a  3x3x3 
cube;  the  number  of  elements  in  the  cube 
belonging  to  each  class  is  counted,  and  the 
centre  pixel  is  assigned  to  the  class  of  the 
majority.  The  result  of  classification  and 
filtering  on  Figure  2. a  is  3hown  in  Figure  4. 

The  amount  of  storage  needed  for  each 
sequence,  when  stored  in  this  fashion,  is  rela¬ 
tively  large.  Each  numerical  array  is  approxi¬ 
mately  200x350x450  and,  therefore,  contains 
over  30  million  elements.  As  a  result,  the 
arrays  have  to  be  kept  in  magnetic  tape  and  can 
not  be  accessed  fast  enough  for  interactive 
display.  To  comoact  the  information,  the  con¬ 
tours  of  the  class  corresponding  to  the  "mixed" 
fluid  are  extracted,  approximated  by  polygons 
and  stored  in  a  suitable  designed  data  base. 
Each  sequence  can  then  be  stored  in  approxi¬ 
mately  400  Kbytes  of  disk  space  and  accessed 
easily.  The  software  used  in  this  step  is 
described  in  Jimenez  and  Navalon  (1982) . 


THREE  DIMENSIONAL  RECONSTRUCTION 


The  polygons  stored  in  the  data  betes  gen¬ 
erated  above  represent  sections  of  a 
three-dimensional  model  of  the  mixing  layer. 
Several  methods  are  available  for  the  display 
of  complex  three-dimensional  objects,  many  of 
which  are  surveyed  in  the  book  by  Foley  and  Van 
Dam  (1982)  .  We  generate  our  solid  model  by  con¬ 


structing,  for  each  section,  a  snort  cylinder 
(actually  a  prism)  based  or.  its  contour  and 
extendina  in  the  direction  of  the  flow  with  a 
depth  equal  to  the  convection  distance  between 
frames.  These  prisms  are  then  stacked  togetner 
to  form  a  polyhedral  body  (see  Figure  5) . 

The  resulting  solid  is  displayed  in  a 
black  and  white  monitor  and  photographed 
directly  from  the  screen.  The  method  used  for 
hidden  surface  elimination  is  a  slightly  modi¬ 
fied  depth  buffer  (see  Foley  and  Van  Dam,  1982, 
ch.  15) .  Shading  of  the  surfaces  is  done  assum¬ 
ing  that  the  object  is  matte  and  illuminated  by 
a  single  point  source,  with  a  small  amount  of 
extra  isotropic  illumination  (Phong,  1975).  No 
shadows  are  computed,  but  the  resulting  unna¬ 
tural  aspect  of  the  representations  is  cont¬ 
rolled  by  keeping  the  light  source  relatively 
close  to  the  observer.  Both  the  orientation  of 
the  model  and  the  position  of  the  source  can  be 
controlled  interactively,  as  is  the  clippina  of 
the  model  by  an  arbitrary  plane.  The  computer 
time  needed  for  a  complete  display  is  between 
one  and  three  minutes. 

The  model  for  sequence  number  I ,  extracted 
from  the  low  Reynolds  number  film,  is  shown  in 
Figure  6.  The  flow  runs  from  the  top  right  to 
the  bottom  left  corners  of  the  picture  and  the 
two  large  horizontal  eddies  are  the  classical 
Brown-Roshko  structures.  The  mixinq  layer  is 
seen  from  its  low  speed  side  and  a  remarkably 
regular  array  of  streamwise  structures  is  seen 
superimposed  on  the  primary  eddies.  The  high 
speed  side  of  the  second  eddy  of  the  sequence 
is  shown  in  Figure  7 .  The  same  streamwise 
structure  is  present,  and  a  section  by  a  hori¬ 
zontal  plane  shows  that  the  interior  of  at 
least  the  central  streamer  contains  two  hollow 
(unmixed)  tubes  strongly  suggestive  of  a  vortex 
pair. 

The  thresholds  used  to  isolate  the  rt'  xed 
fluid  for  these  two  figures  were  the  outer" 
ones  described  above  and,  therefore,  the  model 
shown  should  contain  most  of  the  fluid  actually 
mixed.  In  is  somewhat  surprising  that  a  fairly 
large  amount  of  mixed  fluid  is  apparently  pres¬ 
ent  in  the  thick  streamers  of  the  braid  region, 
where  mixing  would  normally  not  be  expected. 
Figure  8  shows  this  not  to  be  the  case;  in  the 
top  part,  a  streamer  has  been  isolated  by  clip¬ 
ping  the  same  sequence  used  in  Figure  6  with  a 
pal-  of  vertical  streamwise  planes;  the  bottom 
part  shows  the  same  clipped  portion  turned 
upside  down.  In  the  braid  region  the  streamers, 
although  apparently  thick,  are  seen  to  be  only 
a  thin  deformed  shell  containing  a  relatively 
small  amount  of  mixed  fluid.  Interestingly,  the 
densest  concentration  of  mixed  fluid  is  not 
found  at  the  core  of  the  large  eddies;  Figure  8 
shows  quite  a  lot  of  empty  (unmixed)  space  in 
that  region.  Most  of  the  mixing  seems  to  happen 
above  and  below  the  eddy,  and  this  impression 
is  generally  supported  by  other  sections  of 
the  low  Reynolds  number  film. 


FIG.  5.-  RECONSTRUCTION  OF  A  THREE 
DIMENSIONAL  SOLID  FROM  THE 
TRANSVERSAL  SECTIONS. 


THE  LOW  REYNOLDS  NUMBER  MIXING  LAYER 
FLOW  IS  FROM  TOP  RIGHT  TO  BOTTOM  LEFT 
VIEW  IS  FROM  LOW  SPEED  SIDE. 


THE  HIGH  REYNOLDS  NUMBER  MIXING  LAY¬ 
ER.  FIG.  9.-  PRODUCT  INTERMITTENCY  IN  THE  LOW  (TOP) 

AND  HIGH  (BOTTOM)  REYNOLDS  CASE.  AVER¬ 
AGE  CONCENTRATION  PROFILE  INCLUDED  FOR 
REFERENCE. 


To  check  that  this  is  indeed  the  case,  a 
product  intermittency  was  defined  as  the  frac¬ 
tion  of  the  time  that  mixed  fluid  was  present 
at  a  given  y  position  in  the  layer  (integrated 
along  the  span) .  The  result  for  sequence  I  is 
shown  on  the  top  part  of  Figure  9.  The  two 
curves  in  this  plot  correspond  to  the  use  of 
two  different  thresholds  in  the  definition  of 
mixed  versus  unmixed  fluid,  and  they  show  that 
the  character  of  the  result  does  not  depend  on 
that  choice.  Although  the  result  refers  only  to 
two  eddies  and  is  subject  to  all  the  inaccura¬ 
cies  noted  above  in  the  measurement  of  the  con¬ 
centration,  it  is  interesting  that  the  plot  is 
bimodal  with  most  of  the  mixed  fluid  above  and 
below  the  centre  line,  consistent  with  the 
impression  derived  from  the  three-dimensional 
model . 

The  bottom  part  of  Figure  9  shows  the  same 
quantity  for  the  high  Reynolds  number  film.  No 
trace  of  bimodality  is  found  in  this  case,  and 
the  presence  of  mixed  fluid  is  generally  much 
higher  than  in  the  previous  one.  A  similar 
increase  in  the  amount  of  mixing  across  the 
three-dimensional  transition  was  first  docu¬ 
mented  by  Konrad  (1976)  and  later  by  other 
investigators,  but  no  bimodal  profiles  have 
been  reported.  It  is  possible  that,  over  longer 
periods,  the  distribution  is  smeared  by  the 
different  transverse  position  of  the  eddies  and 
by  the  effect  of  amalgamations.  In  fact,  when  a 
profile  is  computed  for  a  sequence  containing  a 
pairing,  the  distribution  obtained  is  very  flat 
but  not  bimodal. 


fIC.  11.-  LOW  REYNOLDS  NUMBER,  INCLUDING  A 
PAIRING.  TOP  IS  HIGH  SPEED  SIDE, 
BOTTOM,  LOW. 


FIG.  12.-  TOP  AND  BOTTOM  VIEW  OF  SPATIALLY 

GROWING  LAYER  SHOWING  CONVECTION 

VELOCITY.  TOP,  HIGH  SPEED  SIDE.  BOT¬ 
TOM,  LOW. 

A  simple  explanation  is  possible.  At  low 
Reynolds  numbers  the  vorticity  field  is  two 
dimensional,  concentrated  in  the  spanwise 

cores,  and  the  mixing  is  low.  During  the  tran¬ 
sition,  the  streamwise  vortices  appear  in  the 
braids,  but  the  vorticity  is  still  largely 

two-dimensional  both  in  the  cores  (spanwise) 
and  in  the  braids  (streamwise) .  The  only  real 
three-dimensionality  is  at  those  places  where 
both  systems  intersect,  above  and  below  the 
classical  cores.  It  is  only  there  that  mixing 
is  enhanced.  Further  downstream,  small  scale 
turbulence  is  either  produced  or  convected 
throughout  the  layer  and  mixing  is  more  uni¬ 
formly  distributed . 

A  picture  of  the  high  Reynolds  number 
sequence  is  shown  in  Figure  10.  The  lack  of 
any  interior  voids  containing  unmixed  fluid  is 
apparent,  but  the  longitudinal  structures  are 
still  present.  However,  since  in  this  case 
they  are  immersed  in  a  sea  of  uniform  mixing, 
it  is  difficult  to  say  whether  they  correspond 
to  active  structures  or  to  passive  regions 
remaining  from  earlier  stages  in  the  develop¬ 
ment  of  the  layer. 

Figure  11  is  a  view  of  a  sequence  contain¬ 
ing  a  pairing  from  the  low  Reynolds  number 
film.  In  the  top  part  of  the  picture  the  layer 
is  seen  from  its  high  speed  side.  The  pairing 
appears  as  a  long  "hook  '  extending  from  below 
the  second  eddy  into  the  third.  The  low  speed 
side  of  the  same  sequence  is  shown  in  the  bot¬ 
tom  part  of  the  picture;  the  pairing  is  now  a 
single  continuous  structure  embracing  the  two 
eddies.  The  difference  between  the  two  views 
is  striking  but,  most  probably,  is  due  to  a 
failure  of  the  convection  hypothesis.  As  a 
pairing  occurs,  the  downstream  eddy  is  carried 
far  into  the  low  speed  stream  and  is  deceler¬ 
ated,  at  the  same  time  that  the  other  eddy  is 
accelerated  by  the  fast  stream.  As  a  conse¬ 
quence,  and  since  we  are  observing  the  layer  at 
a  fixed  downstream  station,  the  former  eddy 
stays  longer  in  our  field  of  view  and  looks 
elongated,  while  the  latter  is  accelerated  past 
the  observation  section  and  looks  shorter.  In 
fact,  what  we  are  seeing  in  Figure  11  is  not 
the  same  object  seen  from  two  different  points 
of  view  but  an  earlier  and  a  later  version  of 
the  same  phenomenon.  It  is  fascinating  never¬ 
theless  to  observe  that,  in  the  low  speed 
paired  view,  only  three  longitudinal  streamers 
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otter  side.  Apparently  the  flow  is  atle  to 
sense  the  change  in  scale  of  the  primary  struc¬ 
ture  and  to  adapt  itself  so  as  to  maintain 
geometric  similarity. 

The  two  different  views  in  Fiaure  11  raise 
the  question  of  the  validity  of  the  convection 
hypothesis;  more  precisely,  whether  the  same 
convection  velocity  can  be  used  throughout  the 
layer.  Figure  12  shows  data  extracted  from  a 
different  film;  in  this  case  a  spanwise  aver¬ 
aged  view  of  a  mixing  layer  between  gases  of 
similar  density  (Bernal,  1981a).  This  is  the 
same  film  used  by  Hernan  and  Jimenez  (1982)  . 
The  outlines  of  the  mixing  region  have  been 
extracted  by  a  process  very  similar  to  the  one 
used  for  the  spanwise  sections.  There  is  no 
attempt  of  perspective  in  those  pictures.  Each 
section  has  been  displaced  upwards  by  a  fixed 
amount  and  backwards  by  a  distance  correspond¬ 
ing  to  the  average  convection  velocity.  The  top 
picture  shows  the  view  from  the  fast  stream, 
and  the  bottom  one  has  been  reflected  on  a  hor¬ 
izontal  plane  to  show  the  low  speed  side.  If 
everything  moved  with  a  single  convection 
velocity  the  traces  of  all  the  eddies  would  be 
vertical  in  the  page;  the  fact  that  they  are 
not,  proves  that  each  side  of  the  layer  moves 
at  a  different  speed.  In  fact,  this  figure  sug¬ 
gests  a  view  of  the  mixing  layer  which  is 
slightly  different  from  the  normal  one. 

In  the  average  convection  frame  an  eddy 
grows  and  is  deformed  by  the  mean  shear  in  such 
a  way  that  the  high  speed  part  moves  forward 
while  the  low  speed  part  lags  behind.  These  two 
parts  follow  fairly  straight  trajectories  but 
the  growth  is  enough  to  prevent  them  from 
splitting  apart.  In  the  process,  the  eddy  just 
upstream,  which  is  usually  smaller  because  it 
is  at  an  earlier  stage  of  development,  is  occa¬ 
sionally  engulfed  and  disappears;  the  large 
eddy  is  not  specially  perturbed  by  this  proc¬ 
ess.  Since  the  smaller  eddy  is  normally  the  one 
that  is  carried  into  the  fast  stream,  this  cre¬ 
ates  an  asymmetry  between  the  two  sides  of  the 
layer  which  is  evident  in  Figure  12;  the  high 
speed  side  contains  only  one  set  of  velocities, 
those  of  the  tops  of  the  large  eddies  which  are 
not  changed  during  pairings;  the  low  speed  side 
contains  the  velocities  of  the  lower  part  of 
these  eddies,  but  these  velocities  change  occa¬ 
sionally  when  a  pairing  is  involved.  This 
asymmetry  is  interesting  in  view  of  the  reports 
by  various  investigators  of  different  amounts 
of  entrainment  on  both  sides  of  the  mixing  lay¬ 
er. 

In  our  case  the  ratio  of  the  two  con¬ 
vection  velocities  (approx.  1.3)  is  not  large 
enough  to  invalidate  the  approximate  use  of  the 
convection  hypothesis  in  the  construction  of 
the  models.  The  only  exception  is  probably  dur¬ 
ing  pairings.  Figure  12,  while  suggesting  a 
different  behaviour  of  the  pairing  on  both 
sides  of  the  layer,  is  not  consistent  with  the 
large  differences  shown  in  Figure  11  while,  on 
the  other  hand,  shows  that  convection  veloci¬ 
ties  can  vary  enough  during  amalgamation  to 
explain  the  discrepancy. 


CONCLUSIONS 

We  have  presented  three-dimensional  recon¬ 
structions  of  the  concentration  field  of  a  nom¬ 
inally  plane  mixing  layer.  In  the  section 
corresponding  to  the  developing  region  of  the 
three-dimensional  transition,  the  recon¬ 
struction  shows  longitudinal  structures  which 


are,  not  only  very  marked,  but  strikingly  well 
organised.  Those  structures  give  strong  support 
to  the  interpretation  that  they  are  due  to  lon¬ 
gitudinal  vortex  pairs  topologically  uncon¬ 
nected  to  the  mam  spanwise  vortices,  in 
general  agreement  with  the  model  in  Figure  1. 
At  that  Reynolds  number  the  intersection  of  the 
two  orthogonal  systems  of  vortices  seems  to 
control  the  location  of  small  scale  mixing. 
Further  downstream,  the  longitudinal  structure 
persists  but  it  is  now  submerged  in  a  broader 
region  of  generalised  mixing  and  its  dynamical 
significance  is  harder  to  decide. 
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ABSTRACT 

It  is  often  assumed  that  damped  instability  modes 
may  exist  even  in  the  absence  of  viscosity,  if  during 
the  downstream  evolution  of  the  waves  velocity  gradients 
become  too  small  to  support  amplified  disturbances.  A 
modified  inviscid  calculation  of  damped  modes  is  done 
and  the  inviscid  results  are  used  in  a  slow  divergence 
stability  theory  and  in  a  linear  turbulence  model.  This 
yields  theoretical  predictions  for  amplitudes,  phases 
and  coherence  functions  that  are  in  reasonable  agreement 
with  experimental  trends. 

INTRODUCTION 

Such  experimentalists  as  Fuchs  (1972,1973),  Armstrong 
(1981),  Chan  (1977)  and  Moore  (1977)  have  been  strongly 
interested  in  the  problems  of  jet  turbulence  during  the 
last  decade.  Artificial  excitation  has  been  used  to 
raise  more  or  less  regular  patterns  above  the  random 
background  and  it  has  been  demonstrated  that  there  is  a 
large-scale  structure  of  considerable  coherence  volume. 
The  influence  of  the  Mach  number  has  also  been  found  to 
be  small,  and  it  was  shown  that  only  the  lower  order 
helical  modes  are  important. 

Crighton  and  Gaster  (1976)  and  Plaschko  (1979)  first 
treated  inviscid  instability  of  slowly  divergent  jets 
which  can  only  predict  growing  disturbances.  The  paral¬ 
lel-flow  problem  reappears  in  the  leading  order  approxi¬ 
mation.  The  influence  of  the  divergence  is  incorporated 
in  the  higher  order  corrections,  and  is  contained  in  a 
set  of  amplitude  functions  that  vary  slowly  in  the  down¬ 
stream  direction.  The  growth  of  the  disturbance  is  ar¬ 
rested  by  the  influence  of  the  flow  divergence  and  the 
amplitudes  grow  exponentially  only  in  the  first  down¬ 
stream  positions.  Farther  downstream  the  amplitudes 
tend  toward  maximal  values  and  it  was  supposed  that  they 
decrease  under  the  action  of  viscosity.  Since  the  calcu¬ 
lation  of  damped  modes  is  beyond  the  scope  of  an  elemen¬ 
tary  inviscid  theory,  the  study  of  the  downstream  evolu¬ 
tion  was  terminated  at  axial  positions  close  to  neutral¬ 
ity. 

The  main  reason  for  the  limitation  to  the  inviscid 
case  is  the  large  computing  time  needed  to  handle  slow 
flow  divergence  approximation  to  the  viscous  modes.  This 
is  because  the  calculation  of  an  eigenvalue  by  means  of 
solving  the  Orr-Sommerfeld  equations  requires  a  computing 
time  two  orders  of  magnitude  higher  than  the  correspond¬ 
ing  computing  time  for  an  inviscid  eigenvalue.  Since 
the  slow  flow  divergence  theory  deals  with  a  great  number 
of  manipulations  of  the  parallel  flow  quantities,  the 
problem  of  comouting  time  may  render  the  development  of 
such  an  Orr-Sommerfeld  stability  theory  impractical. 

Meanwhile,  Tam  and  Morris  (1980)  proposed  another 
metnod  for  calculating  the  eigenvalues  inviscidly.  They 
solved  the  inviscid  disturbance  equation  in  the  complex 
plane.  This  equation  is  satisfied  on  the  real  axis  ex¬ 
cept  in  a  narrow  region  where  pole  branch  cuts  at  certain 


lines  cross  the  real  axis.  Circumventing  the  branch  cut 
by  means  of  a  proper  deformation  of  integration  contours, 
however,  facilitates  the  calculation  eigenvalues  and 
eigenfunctions  and  it  was  speculated  by  Tam  and  Morris 
that  this  method  may  give  the  analytic  continuation  of 
the  Orr-Sommerfeld  solutions  in  the  limit  of  infinite 
Reynolds  number. 

In  the  present  paper  we  use  the  contour  integral 
method  to  calculate  the  eigenfunctions  and  eigenvalues 
of  damped  modes  in  circular  jets.  Furthermore,  these 
quantities  are  used  to  establish  a  slow  flow  divergence 
theory  covering  axial  locations  outside  the  potential 
core. 

We  also  use  these  results  to  extend  a  linear  model 
for  the  calculation  of  large  coherent  structures  [Plaschko 
(1981)).  Let  us  now  review  the  salient  assumptions  of 
this  model:  First  of  all,  the  analysis  is  restricted 
to  the  calculation  of  second  order  moments  of  the  fluc¬ 
tuating  pressure  in  inviscid  incompressible  jet  flows. 

The  jet  turbulence  is  assumed  to  be  stationary  and  homo¬ 
geneous  with  respect  to  the  azimuthal  angle.  The  latter 
condition  implies  the  statistical  independence  of  the 
different  helical  modes.  This  assumption  restricts  the 
application  of  the  model  to  circular  jet  turbulence. 

Next  we  assume  that  the  large  coherent  structures 
are  created  exclusively  at  the  jet  orifice  and  other 
possible  excitation  mechanisms  are  ignored.  Furthermore, 
we  assume  that  the  amplitudes  and  phases  of  large  coher¬ 
ent  structures  can  be  described  by  superposing  linear 
instability  waves  for  a  slowly  divergent  jet  flow.  The 
fictious  turbulent  velocity  profile  is  assumed  to  be 
suitable  modelled  by  the  Michalke-Crighton-Gaster  pro¬ 
file.  The  parabolic  structure  of  the  stability  equations 
requires  that  their  solutions  contain  unknown  constants 
of  the  integration.  These  quantities  are  regarded  as 
random  functions  of  the  frequency  and  they  are  deter¬ 
mined  by  the  application  of  a  stochastical  initial  con¬ 
dition.  This  initial  condition  describes,  in  an  over¬ 
all  manner,  the  excitation  of  the  large  scale  structures 
at  the  position  of  the  jet  orifice.  In  the  case  of  jet 
turbulence,  however,  a  white-noise  type  excitation 
certainly  does  not  take  place.  Hence,  the  spectral  vari¬ 
ation  of  the  excitation  has  to  be  established  by  using 
an  additional  hypothesis.  In  the  absence  of  reliable 
data  on  spectra  close  to  the  orifice  we  refrained  from 
formulating  such  an  hypothesis  and  resorted  to  fitting 
to  experimental  data. 

Spectral  quantities  are  considered  exclusively  and 
only  the  lowest  helical  modes  are  taken  into  account  to 
describe  the  fluctuating  pressure  (experiments  of  Fuchs 
(1973)  indicate  that  the  decomposition  of  fluctuating 
velocities  may  need  a  greater  number  of  helical  con¬ 
stituents)  .  In  a  previous  paper  we  have  shown  that  this 
model  can  predict  the  experimental  trends  of  radial  as 
well  as  circumferential  coherence  functions  fairly  well. 
Difficulties  arise,  however,  when  we  consider  axial  co¬ 
herence  functions.  This  is  because  higher  order  helical 
modes  are  already  damped,  at  a  given  location,  while  the 
lower  ones  continue  to  grow.  Since  the  calculation  of 
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damped  modes  is  beyond  the  scope  of  an  elementary  invis- 
cid  stability  theory,  an  attempt  was  undertaken  to  alle¬ 
viate  these  complications  by  means  of  either  a  cut  off 
approximation  or  continuation  of  inviscid  quantities  be¬ 
yond  the  locations  of  neutrality.  Such  procedures  lead 
to  such  unsatisfying  results  as  discontinuities  of  the 
axial  coherence  at  the  position  of  the  cut  off. 

The  central  goal  of  this  paper  is  therefore  to  ex¬ 
tend  this  linear  inviscid  turbulence  model  by  means  of 
the  contour  integral  method  of  calculating  damped  modes. 

This  method  offers  a  simple,  and  computing  time 
saving,  tool  to  enlarge  the  regime  where  the  linear  tur¬ 
bulence  model  can  be  applied.  Since  inviscid  modes  are 
the  most  unstable  and  the  least  damped,  we  believe  that 
the  inviscidly  calculated  amplitudes  represent  an  upper 
limit  to  the  crests  of  large  coherent  structures.  How¬ 
ever,  as  a  result  of  neglecting  viscid  effects,  there 
exists  a  certain  region  of  forbidden  radial  locations 
within  which  the  model  fails  to  give  predictions. 


ANALYSIS 


We  shall  survey  the  analysis  only  briefly. 

The  study  is  restricted  to  the  investigation  of  the 
fluctuating  pressure  p'.  This  quantity  is  analyzed  in 
cylindrical  coordinates  and  it  is  represented  by  a  super¬ 
position  of  partial  instability  waves  as  given  by  slow 
flow  divergence  theory.  Hence  we  put 


P ’  *  I  exp(im$)  J  exp(-igt)  Am(x,0)  F°(x,r,0)dB 


(1) 


where  6  is  the  frequency  and  m  is  the  helicity  index. 

The  radial  mode  shape  function  F°,  is  defined  as  the 
regular  solution  of  the  second  order  inviscid  disturbance 
equation  (c  »  0/a;  a  is  the  wavenumber) 
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where  Ux(x,r)  is  the  velocity  profile  to  be  introduced 
later,  in  the  slow  flow  divergence  approximation,  the 
amplitudes  Aj,  are  given  by 

\,  -  exp  [/  (ia  -  lm/km)  dx],  (3) 


and  the  term  J^/kj,  represents  the  first  order  WKB-correc- 
tion  to  the  parallel  flow  amplitudes.  The  quantities 
Ig  and  km  are  functionals  of  F°  and  its  adjoint  F°  of  the 
type 
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The  velocity  profile  Ux‘is'a  fictious  quantity  in  the 
framework  of  linear  stability  theory.  A  reasonable  ap¬ 
proximation  for  fully  turbulent  jet  flow  seems  to  be  the 
Michalke-Crighton-Gaster  model.  It  is  given  by 
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Ux(x.r)  *  O.SUjCx)  U  ♦  tanh  (y  -  r)]} 


(5) 


U,(x)  is  the  centerline  velocity  being  modelled  by  two 


ur 

alternative  forms  (a^  and  &2  are  empirical  constants) 
1 


Ux(x)  -{ 


•xp[-»jX*/(l  ♦  *2x3)]  * 


(6) 


A  singularity  at  Ux  ■  c  arises  in  (2) .  It  is  easy 
to  show  that  the  pole  lies  in  the  upper  half  plane  for 
damped  modes  a.  >  0;  a.  *  lm(a)  and  in  the  lower  half 
plane  (a.  <  0)1for  amplified  modes,  respectively.  These 
poles  are  connected  with  branch  cuts  extending  from  the 
position  of  the  pole  downward  to  minus  infinity.  Hence 
for  damped  modes,  we  elude  the  pole  and  its  branch  cut 
with  integration  paths  in  the  complex  radial  plane. 

The  regular  solution  of  (2)  contains  a  constant  of 
the  integration.  It  is  assumed  to  be  a  random  function 
of  the  frequency  and  is  determined  by  a  stochastic 


initial  condition  reflecting  the  excitation  of  the  large 
coherent  structures  at  the  jet  orifice.  Hence,  we  put 
(R  is  the  iet  radius) 

CC 

p'(x  =  0,  r  =  R,  o.tj  =  exp(imc)Fmttj  .  (T) 

m  =  -«• 

Though  the  stochastic  excitation  functions  Fm(t)  are  un¬ 
known,  we  may  demand  that 

<Fm(t)>  =  0  and  <Fm(t)Fn(trT)>  =  *m>08m(TJ ,  (8) 

where  dn  m  is  kronecker's  delta  and  <a>  is  the  ensemble 
average  of  a.  Equation  (8)  warrants  the  stationaritv 
and  azimuthal  homogeneity  of  the  jet  turbulence. 

Note  that  because  of  linearity,  there  would  be  no 
fluctuations  (p'  i  0)  if  there  is  no  excitation  at  the 
orifice  (Fm  =  0  for  all  m's). 

Equations  (1)  to  (8)  are  now  sufficient  to  calcu¬ 
late  the  second  order  moments.  As  a  result  of  linearity 
the  helical  modes  do  not  interact  and  because  of  (8)  each 
mode  makes  it  individual  contribution  to  the  second  order 
moments . 

When  we  calculate  spectral  quantities,  SmCB)  the 
Fourier  transformation  of  the  unknown  autocorrelation 
functions  of  the  excitation  gm(i)  will  appear.  The 
spectra  S,,,  are  determined  by  fitting  to  experimental  data 
at  each  value  of  the  frequency.  The  theoretically  pre¬ 
dicted  coherence  functions,  however,  are  remarkedly  in¬ 
sensitive  to  this  fitting  procedure.  It  was  shown  that 
fitting  to  different  experimental  data  (radial  or  cir¬ 
cumferential  coherence  function  at  distinct  spatial  loca¬ 
tions)  yields  to  ignorable  small  deviations  of  the  theo¬ 
retically  predicted  quantites. 

DISCUSSION  OF  NUMERICAL  RESULTS  AND  COMPARISON  KITH 
EXPERIMENTS 

At  the  beginning  of  the  iteration  routines  to 
determine  the  wave  numbers,  an  initial  estimate  of  the 
pole  location  was  made  and  the  corresponding  branch  cut 
was  distantly  circumvented.  After  the  eigenvalue  was 
located,  however,  the  contour  was  contracted  and  at  the 
same  time  the  path -independence  of  the  wave  numbers  was 
investigated.  Claiming  a  six  digit  accuracy,  the  con¬ 
traction  was  terminated  whenever  this  accuracy  limit  was 
violated.  Carefully  performed  numerical  studies  show 
that  the  contour  may  be  drawn  fairly  close  to  the  loca¬ 
tion  of  the  branch  cut.  Because  of  the  possibility  of 
closely  circumventing  the  branch  cut  in  a  rectangular 
manner,  we  may  conclude  that  the  branch  cut  exhibits  the 
shape  of  a  straight  line. 


Figure  1 :  Location  of  the  fundamental  poles  in  the 
complex  radial  plane. 
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Figure  1  gives  a  survey  of  locations  of  the  funda¬ 
mental  poles.  For  parallel  flow,  each  of  these  curves 
coincides  into  a  single  point.  The  tendency  of  these 
locations  is  to  move  with  increasing  values  of  x  toward 
the  centerline  of  the  jet.  Hence  we  may  conclude  that 
there  exists  a  regime  of  forbidden  radial  locations  ex¬ 
tending  from  positions  close  to  the  center  of  the  bound¬ 
ary  layer  inward  to  the  centerline. 

Accordingly,  in  Figures  2  and  3  the  pressure  gains 
and  phase  speeds  are  plotted  for  a  position  outside  of 
this  forbidden  region  but  fairly  close  to  the  center  of 
the  boundary  layer.  The  quantities  were  calculated  by- 
deforming  the  contour  of  the  functionals  (4)  in  the 
usual  manner  and  by  testing  the  path-independence  of  the 
corresponding  results.  The  waves  grow  in  an  initial 
stage  exponentially,  reach  a  peak,  and  decay  slowly, 
farther  downstream.  Chan's  observations  of  pressure 
gains  reveal  lower  peaks  at  positions  somewhat  further 
upstream,  and  a  markedly  higher  rate  decay.  These  devia¬ 
tions  might  partially  be  the  result  of  the  non-linear 
forcing  levels  used  in  this  experiments.  However,  it 
seems  to  be  obvious,  that  an  inviscid  theory  predicts  a 
comparatively  small  rate  of  decay.  We  can  therefore  con- 
conclude  that  inviscid  calculated  amplitudes  represent  an 
upper  limit  to  the  downstream  evolution  of  the  crests  of 
large  structures. 
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Figure  2:  Pressure  gains  at  radial  positions  close  to 
the  center  of  the  boundary  layer. 
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Figure  3:  Phase  speeds  of  pressure  waves  (x/R 


In  agreement  with  Chan's  experiments  we  find  that 
the  higher  the  index  of  neiicity  r.  is,  the  lower  the 
phase  velocity  will  be.  Furthermore,  the  tendency  of 
Cp^  to  reach  a  minimum  and  increase  farther  downstream, 
is  confirmed  by  the  experiments  of  Moore.  Moore  found 
tne  minimum  of  c_^  for  St  =  0.48  and  r  =  0  to  be  close 

to  xmin/R  »  3.  The  deviation  of  our  theoretical  results 

(m  =  0:  x,,,  /R  1  2,  for  St  =  0.5  and  r/R  =  1.05;  might 

tie  caused  by  the  different  radial  locations. 

Looking  on  Figs.  2  and  3  we  may  conclude  that  the 
influence  of  the  centerline  velocity  decay  is  fairly 
small  within  the  range  of  axial  positions  that  was  con¬ 
sidered. 

Some  numerical  results  pertaining  the  linear  turbu¬ 
lence  model  are  represented  in  the  last  two  figures.  For 
the  sake  of  comparison  with  measurements  done  by  Fuchs, 
in  Figs.  4  and  S  the  quantity 
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cross-spectral  density  and  the  power  densities  are  de¬ 
noted  by  Wp  p  and  Wp  p  resPectively-  One  pressure 
probe  is  kept  at  a  fixed  position  (xj  =  6R  and  rj  ■  0) 
and  the  other  probe  varies  in  the  axial  direction.  It 
is  important  to  note  that  the  fitting  constants  [the 
normalized  excitation  spectra  S  (S)/S0($)]  are  determined 
from  Fuchs '  experimental  data  for  the  circumferential 
coherence  function  at  x  ■=  3R. 

The  axial  coherence  function  plotted  in  Fig.  S  cor¬ 
responds  to  two  radial  locations  where  the  axisymmetric 
mode  is  dominant .  Hence  the  corresponding  coherence 
function  is  somewhat  lower  than  is  the  case  represented 
in  Fig.  4  with  the  moving  probe  located  where  the  in¬ 
fluence  of  the  higher  helical  modes  is  greater.  These 
figures  show  that  the  wave  lengths  of  the  axial  coherence 
functions  are  fairly  well  predicted.  Some  deviation 
occurs,  however,  in  the  case  of  the  coherence  function  - 
the  envelope  of  these  curves.  This  is  certainly  because 
the  rate  of  amplitude  decay  is  underpredicted.  The  com¬ 
paratively  greater  deviations  of  experimental  and  theo¬ 
retical  values  of  Rpjp-,  in  Fig.  5,  however,  might  be  at¬ 
tributed  to  the  different  radial  positions  of  the  moving 
probe  within  a  regime  of  high  gradients  of  the  radial  mode 
shape  function. 
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Figure  4:  Axial  coherence  functions  ( — 
experiments  of  Fuchs  (1972)). 

CONCLUSIONS 


A  previously  established  linear  turbulence  model  is 
extended  with  the  aid  of  inviscid  computation  of  damped 
modes.  This  method  allows  for  the  calculation  of  eigen¬ 
values,  eigenfunctions,  gains  and  coherence  functions 
outside  a  definite  region  of  radial  locations.  Since 
the  damping  is  caused  merely  by  the  attenuation  of  ve¬ 
locity  gradients,  the  amplitudes  and  gains  thus  calcula¬ 
ted  represent  an  upper  limit  to  the  crests  of  the  large 
coherent  structures.  However,  the  model  is  capable  of 
predicting  the  experimental  trends  of  phases,  gains,  and 
coherence  functions  of  pressure  waves.  Hence,  the  con¬ 
clusion  emerges  that  a  turbulence  model  based  on  a  super¬ 
position  of  linear  waves  excited  randomly  at  the  orifice 
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Figure  S:  Axial  coherence  functions  (for  lengend  see 
Fig.  4). 

represents  a  reasonable  method  of  predicting  the  evolu 
tion  of  large  coherent  structures  in  jet  turbulence. 
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ABSTRACT 


2.  ONE  STREAM  MODEL 


The  artificial  excitation  of  shear  layers  is  investi¬ 
gated  theoretically  and  ex.  arimental  ly.  The  present  pa¬ 
per  describes  quantitatively  the  coupling  between  excit¬ 
ing  sound  field  and  shear  layer  fluctuations.  The  mathe¬ 
matical  model  is  restricted  to  low  Strouhal  numbers  at 
which  large  scale  structures  are  occuring.  The  theory 
does  not  contain  any  empirical  constants  and  is  confirmed 
by  the  experiments  in  the  expected  validity  range. 

1.  INSTRODUCTION 


In  previous  investigations  it  has  been  shown  that  the 
occurence  of  orderly  structures  and  the  spreading  rate 
of  shear  layers  depend  strongly  on  the  perturbation  of 
the  flow  1-A.  The  excitation  of  the  shear  layer  can  be 
produced  either  by  sound  or  by  vorticity  convected  with 
the  flow.  The  jet  shear  layer  is  excited  even  in  such 
situations  where,  inadvertently,  sound  is  generated  by 
the  apparatus  to  produce  the  flow  itself.  The  present 
paper  deals  with  the  mechanism  of  the  introduction  of 
such  perturbations  into  the  shear  layer.  In  the  mathema¬ 
tical  model  a  thi'i  semi-infinite  shear  layer  is  consid¬ 
ered,  which  is  shea  from  a  semi- infinite  plate.  The 
shear  layer  is  exposed  to  acoustical  excitation.  This 
simple  configuration  is  well  tractable  mathematically 
and  the  analysis  provides  some  insight  into  the  inter¬ 
action  process,  which  would  be  less  readily  obtained  by 
a  purely  numerical  approach.  The  present  research  has 
been  motivated  by  a  number  of  observations  with  techno¬ 
logical  relevance: 


(1)  The  excitation  of  large  scale  structures  in  a  jet 
can  enhance  the  radiated  broad  band  jet  noise  sig- 
nlficantlyS*6.  This  effect  has  drawn  considerable 
attention  from  aircraft  and  aero-engine  producers?. 


(11)  The  production  of  instability  waves  in  the  jet 
shear  layer  can  extract  energy  from  the  exciting 
sound  field.  This  latter  effect  is  quite  dramatic 
at  low  frequencies  and  it  can  be  considered  as  a 
genuine  sound  absorption  effect,  different  from 
the  conventional  dissipative  absorption  mechanisms 
8.9. 


(ill)  Shear  layer  excitation  plays  an  important  r61e 

also  In  the  flow  around  bluff  bodies.  It  has  been 
shown  recently  10.' 1,  that  the  separated  shear 
layers  in  such  a  flow  are  sensitive  to  exterior 
perturbations  by  sound  and  convected  vorticity.  By 
this  mechanism  the  drag  of  bluff  bodies  can  be 
both  Increased  or  decreased,  depending  on  the 
actual  configuration. 


The  present  paper  is  a  condensed  version  of  a  fairly  ela^ 
borate  OFVLR  report'2  and  of  a  AIAA-paper'3.  Thus,  only 
basic  Ideas  will  be  outlined  and  results  will  be  discus¬ 
sed  without  providing  all  details  of  the  calculations. 


The  objective  of  this  paper  is  to  investigate  quanti¬ 
tatively  the  coupling  between  a  forcing  sound  field  and 
the  generation  of  instability  waves  in  snear  layers. 

Fig.  1  shows  the  simplified  configuration  which  will  be 
modelled  mathematically.  We  assume  that  there  is  no  flow 
above  the  shear  layer.  There  is  no  basic  difficulty, 
however,  to  extend  the  calculations  to  two  streams  on 
both  sides  of  the  shear  layer,  having  different  veloci¬ 
ties  and  densities12*12.  The  acoustic  field  is  assumed 
to  be  produced  by  a  two-dimensional  pulsating  source  out¬ 
side  the  shear  layer  in  the  fluid  at  rest.  The  following 
simplifying  assumptions  are  introduced: 

1.  two-dimensional  problem 

2.  parallel  mean  flow 

3.  all  fluctuating  quantities  harmonic  in  time, 
i.e. ,  «e‘1ult 

4.  inviscid  flow 

5.  linearized  problem 

6.  incompressible  flow 

7.  infinitesimally  thin  shear  layer 


Fig.  1  Configuration  of  the  analytic  model. 

The  first  five  simplifications  are  common  in  the  stabili¬ 
ty  theory  of  free  jets.  The  assumption  of  an  inviscid 
flow  works  quite  well  at  sufficiently  high  Reynolds  num- 
ber14,15.  The  linearization  is  valid  for  relatively  low 
fluctuation  velocities  which  are  found  in  the  interaction 
region  near  the  end  of  the  splitter  plate^, 16.  The 
assumption  of  Incompressibility  is  equivalent  to  the  re¬ 
striction  to  small  Mach  numbers  and  small  Helmholtz  num¬ 
bers,  where  the  Helmholtz  number  is  defined  as  the  ratio 
of  the  typical  length  of  the  problem  to  the  wavelength  of 
the  sound  waves.  For  our  problem,  the  latter  condition 
means,  that  the  interaction  region  close  to  the  lip 
should  be  small  compared  to  the  acoustic  wavelength.  It 
will  turn  out,  that  this  region  has  a  dimension  of  the 
order  0o/f  (where  0.  is  the  mean  flow  velocity  and  f  the 
the  sound  frequency;.  Consequently,  we  should  have 


0-/f  <<  a0/f,  where  a0/f  is  the  acoustic  wavelength. 

This  is  equivalent  to  M  =  G0,  a0  <<  1,  i.e.,  again  tne 
condition  of  small  Mach  numoer.  The  seventh  assumption, 
the  restriction  to  an  infinitesimally  thin  snear  layer 
will  limit  tne  validity  range  of  the  theory  to  tne  case 
wnere  the  shear  layer  thickness  is  small  compared  to  tne 
wavelength  of  the  instability  waves.  In  other  words,  the 
Strouhal  number  fs/O  should  be  small,  e  is  the  momentum 
thickness  of  the  shear  layer. 

The  classical  approach  would  be  to  fulfill  the 
boundary  conditions  at  both  sides  of  the  shear  layer. 
This  means  that  both  the  displacement  h  and  the  pressure 

?  should  be  equal  there.  The  displacement  h  and  the  ve- 
ocity  v  are  connected  in  the  following  way 


3h  r, 

3t  *  U  3X 


(1) 


For  a  harmonic  motion  we  find  therefore  (see  also  Fig.l) 

0,  3v 

v  *  v  +  i - .  (2) 

j  1  -  3X 

This  is  an  equation  connecting  the  v-components  of  the 
fluctuation  velocities  at  both  sides  of  the  shear  layer. 

A  second  equation  for  v  and  v  will  be  derived 
subsequently  from  a  consideration  of  the  pressure  field 
and  its  gradients  at  the  shear  layer.  We  start  out  by 
taking  the  x-derivative  of  the  first  Euler  equation  and 
the  y-derivative  of  the  second  Euler  equation.  Both  de¬ 
rivatives  are  added  and  some  terms  are  eliminated  using 
the  continuity  equation.  We  end  up  with 


v2  p 


,  3v  3U 
*Zp  3x  '  3y 


(3) 


In  our  model  (see  Fig.  1),  the  meanvelocity  profile 
jumps  from  0  =  o  for  positive  y  to  0  -  U.for  negative  y. 
Thus,  the  right  hand  side  of  eq.  (3)  exists  only  _ui  the 
shear  layer.  Eq.  (3)  can  be  considered  as  a  non-homo- 
geneous,  Laplacean  equation  with  a  source  distribution 
of  varying  strength  in  the  shear  layer.  It  should  be 
stressed  here,  that  these  sources  in  the  shear  layer  are 
pressure  sources,  A  discussion  on  the  nature  of  these 
sources  is  given  in  our  report12,  but  for  the  further 
progress  of  our  calculation,  a  detailed  knowledge  of  the 
pressure  sources  is  not  necessary.  At  the  surface  of  the 
semi-infinite  plate  we  have  v  and  3v/3x  equal  to  zero. 
Consequently,  the  pressure  source  strenghth  is  zero  on 
the  plate  surface.  The  only  other  location  where  v*pis 
non-zero  is  at  the  location  of  the  exterior  pulsating 
source  (see  Fig.  1 ). 

The  basic  idea  of  the  present  approach  is,  that  the 
pressure  distribution  in  the  whole  field  can  be  split 
into  two  contributions: 

(1) a  pressure  field  which  is  symmetric  with  re¬ 
spect  to  the  shear  layer  and  which  is  caused 
by  the  pressure  source  distribution  in  the 
shear  layer  itself. 

(2)  a  pressure  field  which  is  produced  by  the  ex¬ 
terior  forcing,  e.g.,  a  pulsating  source.  The 
pressure  fluctuations  of  this  contribution  are 
transmitted  through  the  shear  layer.  The  pres¬ 
sure  gradient  of  this  contribution  is  conti¬ 
nuous  through  the  shear  layer  and  therefore  it 
is  antisymmetric  close  to  the  shear  layer. 

As  a  result  of  this  splitting  process  we  have 


pi  *  pi*  +  pjf-  P2  *  p,s  ♦  P,f 
vi  *  V  +  vif:  v2  *  v*s  +  v’f 


(4) 


The  Index  s  stands  for  shear  layer  and  the  Index  f  labels 
the  exterior  forcing.  TRe  boundary  conditions  at  both 
sides  of  the  "shear  layer  have  to  be  fulfilled  by  the 
summations  of  the  individual  constituents,  i.e.,  by  Vj 
and  Vj,  as  before.  On  the  other  hand,  we  have  some  new 
information:  Since  the  induced  field  of  the  pressure 
sources  In  the  shear  layer  is  symmetrical  (It  is  pro¬ 
duced  by  sources  of  symmetrical  directivity  in  a  field 
with  symmetrical  boundary  conditions)  we  obtain: 
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Equations  (7)  and  (8)  can  be  added  using  eq.  (4) 


0„  *V2 

+  vi  =  2V 


(9) 


This  is  the  desired  second  equation  for  v  and  v.. 

The  velocity  v,^  is  not  an  unknown  quantity,  it  is  the 
velocity  which  is  generated  Dy  tne  exterior  forcing 
without  the  mean  flow  being  present,  but  in  the  presence 
of  the  semi-infinite  plate.  Equation  (2)  can  oe  inserted 
into  eq.  (9)  to  obtain  the  non-nomogeneous  differential 
equation 

0  dv,  0„  2d2v, 

2v. 
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m  dx 


(~)  '3x5~  1  2vif 


(10) 


The  complete  solution  of  this  type  of  differential  equa¬ 
tion  can  be  found  in  textbooks  of  mathematics17.  We  find 


Vj  =Cienx+C2e 
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with  the  abbreviation 
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The  first  two  terms  of  eq.  (11)  are  the  solutions  of  the 
homogeneous  differential  equation.  They  are  identical  to 
the  well-known  spatial  instability  waves  for  an  infini¬ 
tesimally  thin  shear  layer,  extended  from  x  =  -«■  to 
x  »  +«  ,  which  we  will  call  the  Helmholtz  solutions. The 
constants  C  and  C2  have  the  dimension  of  a  velocity  and 
will  be  determined  with  the  boundary  conditions.  Equa¬ 
tion  (11)  is  a  general  solution  and  it  has  to  be  evalu¬ 
ated  for  different  excitation  velocity  distributions  vlf. 
Before  doing  this,  however,  we  will  discuss  briefly  the 
question  of  the  Kutta  condition  in  conjunction  with  the 
determination  of  the  constants  C2  and  C„.  In  the  full 
paper12  the  complete  solution  is  evaluated  for  a  fairly 
general  case,  where  a  sound  source  of  any  kind  is  located 
farther  away  from  the  trailing  edge  of  the  semi -infinite 
plate.  It  is  shown  there12,  that  the  forcing  induced  ve- 
lovity  close  to  the  trailing  edge  is  then 


'if  *  °3//x 


(13) 


where  the  coefficient  C3  depends  on  strength,  location 
and  type  of  the  source  !8.  Equation  (11)  can  be  evalu¬ 
ated  with  this  distribution 
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valid  for  x  z  0  and  y  =  ±o.  For  x<o  we  have  v  =0.  Using 
the  condition  of  equal  displacement  on  both  sides  of  the 
Shear  layer  (eq.  (2))  we  can  determine  also  v2.  By  using 
eq.  (2)  we  fulfill  the  condition  of  equal  displacement 
on  both  sides  of  the  shear  layer.  The  condition  of  equal 
pressures  on  both  sides  of  the  shear  layer  leads  aftersome 
intermediate  calculations12,1^,  to  the  finding  that  both 
C2  and  Cj  must  be  zero.  This  finding  has  important  conse¬ 
quences  : 


and  for  the  continuous  pressure  of  the  exterior  forcing 


(1)  Within  the  framework  of  the  present  linearized 
theory  with  symmetrical  boundary  conditions 
only  forced  shear  layer  motions  are  possible. 


4.  A  RErERENCE  QUANTITY 


(2)  Tne  flow  leaves  the  trailing  edge  tangentially 
since  v.  »  for  small  x.  This  is  equivalent 

to  a  Kutta  condition. 

These  conclusions  have  been  drawn  earlier  ,  but 
without  detailed  proof.  Due  to  the  confusion  about  tne 
Kutta  condition  still  caused  by  Orszag  &  Crow's  paper1’, 
this  issue  r  ’i  be  revisited.  Of  course  our  conclu¬ 

sions  are  or  ;lid  for  low  Strouhal  numbers  f 6/0  , 
where  the  theu  ..  with  an  infinitesimally  thin  shea? 
layer  appl ies. 

3.  THE  u-VELOCITY  FIELD 


By  a  procedure  very  similar  to  the  preceding  one 
we  can  also  derive  analytic  solutions  for  u;  and  u:. 
The  details  are  given  in  our  report1?.  We  find 
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u„  = 


valid  only  for  xao.  These  are  the  u-distributions  just 
above  and  below  the  shear  layer  (y*ro).  For  a  compari¬ 
son  with  experiments,  it  is  also  interesting  to  know 
the  velocity  field  in  the  flow  region  (y<o,  see  Fig.1) 

A  source  distribution  approach  is  used  to  compute  u2 
from  v2  at  y  =  -o.  v2  is  given  analytically  for  all  x. 
In  Fig.  2  the  computed  curves  of  the  modulus  of  u2  are 
plotted  in  nondimensional ized  form  versus  y  *  yu/U0  for 
different  downstream  distances  x  *  xx/0  from  the  plate 
edge.  The  vertical  scaling  in  Fig.  2  is°logarithmica1 . 
Therefore,  an  exponential  curve  appears  as  a  straight 
line.  Such  straight  lines  are  found  for  locations 
farther  downstream  of  the  edge.  At  x  =  2,  e.g.,  which 
corresponds  to  1/3  wavelength  of  the  instability  waves 
the  induced  field  is  already  dominated  by  the  amplified 
Instability  wave.  On  the  other  hand,  upstream  of  the 
edge  at  x  =  -2,  the  u-fluctuation  is  governed  by  the 
acoustic  excitation  field  alone.  For  these  two  regions 
we  find  also  fairly  simple  asymptotic  equations1?. 


Fig.  2  Computed  distribution  of|u, !for  various  x  and  y. 
—  downstream  amplified  Instability  wave  alone, 
acoustic  excitation  alone. 


It  is  of  general  concern  in  snear  layer  experiments 
to  nave  a  reference  quantity  for  tne  acoustical  excita¬ 
tion.  In  our  above  derivation,  we  nave  devioed  tne  pres¬ 
sure  field  into  two  consti tuents.  , 1 ,  Tne  pressure  field 
radiated  by  the  snear  layer,  wnich  is  symmetri cal  and 
(2)  tne  pressure  field  of  tne  excitation  which  is  con¬ 
tinuously  transmitted  tnrough  tne  shear  layer  and  wmcii 
is  antisymmetrical  close  to  the  snear  layer. 

I  wo  microphones  upstream  of  the  trailing  edge  and 
arranged  as  in  Fig.  1  can  pe  used  to  isolate  the  excita¬ 
tion  field  only.  If  we  taxe  the  difference  of  the  pres¬ 
sures  P;  -  P;  =  cp;.  we  eliminate  the  symmetrical  snear 
layer  signal  completely.  By  a  fairly  simple  calculation1? 
we  can  also  relate  the  excitation  velocity  distribution 
Vif  to  the  pressure  difference  .sp¬ 


in  this  equation  1  is  the  distance  between  microphones 
and  plate  edge  (see  Fig.  1).  The  coefficient  i  is  equi¬ 
valent  to  a  90c  phase  shift.  Also  the  coefficient  C,in 
eq.  (15)  is  determined  by  eq.  (16).  We  have,  e.g.,  for  u2 


If  we  are  mainly  interested  in  tne  modulus  of  u.  for 
distances  slightly  downstream  of  the  plate  edge  wnere 
the  decaying  wave  has  vanished,  we  find 

u:,  »  ~  P •  _  •  e'x/U:  for  x  U3/f  .  (18) 

p.lJT^T  4-F2 

We  will  verify  this  equation  experimentally  in  order  to 
test  the  present  theory.  In  the  experiments  we  may  use 
APu/-T  as  a  reference  quantity  because  it  does  not 
depend  on  the  mean  flow  conditions,  or  we  nondimensiona- 
lize  the  fluctuating  velocity  in  the  following  way 


It  is  also  convenient  to  nondimensionalize  the  down¬ 
stream  distance  x 

x  =  Xw/U0  (20) 

5.  THE  RELATIVE  IMPORTANCE  OF  THE  EDGE  REGION 


First,  we  should  mention,  that  in  this  and  the  fol¬ 
lowing  sections  we  confince  our  considerations  again  to 
the  one  stream  case  with  no  flow  above  the  shear  layer. 
There  is  no  particular  difficulty,  however,  to  extend 
all  following  considerations  to  the  case  of  having  two 
different  streams  on  both  sides  of  the  shear  layer.  In 
section  2  it  had  been  assumed  that  under  almost  all  con¬ 
ceivable  circumstances,  a  parabolic  pressure  field  is 
created  close  to  the  plate  edge.  The  relevance  of  this 
region  to  the  shear  layer  excitation  will  be  shown  with 
a  simple  model  (see  Fig.  3). 


Fig.  3  Shear  layer  excitation  by  a  monopole  source. 

The  shear  layer  velocity  vi  far  downstream  of  the  edge 
will  be  determined,  if  a  pulsating  (two-dimensional)  mo¬ 
nopole  source  is  located  at  different  positions  (a) 
close  to  the  shear  layer,  (b)  above  the  edge  or  (c)  up¬ 
stream  of  the  edge  (see  Fig.  3).  In  the  following  calcu- 


ca 
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lation  we  will  only  consider  the  amplified  instability 
wave  constituent  and  not  tne  decaying  one,  because  t"'S 
is  irrelevant  at  great  distances  x  »  we  nave  from 
eg.  (11)  with  C_  =  C-  =  0: 

oc 

v ■  =  — —  e  ;X  e  :xv.  fdx  (2. 

°o 

for  x  >>  0„  /  u.  with  =  —  (i  +  1)  . 


If  tne  upper  boundary  of  the  integral  in  eq.  (11)  is  set 
equal  to  infinity,  like  in  eq.  (21),  the  total  influence 
of  the  excitation  is  included.  This  expansion  will  pro¬ 
vide  the  magnitude  of  the  instability  wave  downstream  of 
the  interaction  region  with  the  monopole  field.  In  a  pre¬ 
vious  oaperiS  we  nad  already  given  the  induced  field  of 
a  monopole  above  a  semi-infinite  plate.  We  have  for  v,f 


'if  m  '  ^  V2<Vxo>  '  7= 
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+  y  1  and  Q  being  the  source  strength 


After  carrying  out  the  integration  of  eq.  (21)  we  end  up 
with  the  following  analytic  solution 
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The  solution  contains  x  only  in  the  instability  wave 
term  e'^.but  the  coefficient  governing  the  magnitude  of 
these  waves  is  fairly  complex.  We  will,  therefore,  expand 
the  solution  for  two  typical  cases,  i.e.,  an  excitation 
by  a  monopole  source  farther  away  from  the  lip  (r  w/0>>1) 
and  an  excitation  directly  at  the  lip  of  the  semi-infini¬ 
te  plate. 

For  the  excitation  at  large  distances,  we  have  to 
expand  the  complex  error  functions  for  large  arguments. 

If  we  take  only  the  first  term  of  the  series  expansion, 
we  find  after  some  intermediate  calculations  for  the  mo¬ 


dulus  of  Vj : 
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for  wr„/U  »  1  and  x  »  r  . 
0  0  0 


The  first  part  of  this  equation  resembles  very  much  the 
excitation  velocity  in  the  neighbourhood  of  the  plate 

ed9e  '  ..  .  _  _Q_ 
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One  would  obtain  the  following  expression 

UJX 

|v  |  «  — ^2_  sin ■  Ap  ■  —  e^o  (26, 

1  2*^  2  YOo  V7 

for  wx/O.  »  1 

If  one  calculated  the  excitation  by  the  parabolic  field 
at  the  plate  edge  (eq.  (25))  alone.  Therefore,  the  ex¬ 
pression  in  brackets  in  eq.  (24)  reflects  the  additional 
interaction  with  the  source  field  farther  downstream  of 
the  plate  edge.  The  deviations  from  the  pure  interaction 
at  the  plate  edge  become  small  if  mr  /O  >  1.  The  conclu¬ 


sion  +r ot  tms  is,  that  tne  pa^aco'-:  ~'e:c  at  tne  t'ate 
eoge  commates  if  tne  source  is  •a-'tne^  awa..  ~-z~  ’,ne 
ecge.  Consider  tne  situation  snowr  if,  r-g  C.  Ir  x'-.z- 
location  a),  'b  or  ; c )  o*  tne  source  wil ’  tne  inter¬ 
action  be  tne  strongest?  Eauation  2d  will  give  a  clear 
answer:  at  :c(, ,  upstream  of  tne  snear  layer. 

In  tnat  context  an  interesting  Question  is,  now  far 
an  “exterior  excitation"  can  come  #rom  tne  turbulent 
snear  layer  itself  downstream  of  tne  plate  eage  in  a  real 
flow  situation.  In  our  model,  tne  pressure  sources  oc 
the  shear  layer  motion  lie  in  tne  y  =  c  plane,  "herefore, 
in  this  model,  no  feedback  from  the  downstream  pecula¬ 
tions  is  Dossible  (sini$/2  =  o).  However,  ir,  a  real 
situation  7:p  =  0  is  still  valid  outside  tne  snear  layer. 
The  pressure  sources  are  in  a  region  of  small  ■& .  Tnere- 
fore,  a  very  weak  feedback  of  the  downstream  turoulent 
flow  is  possible.  This  consideration  is  not  tnat  naive 
as  it  seems  at  the  first  glance,  because  the  equation 
?2p  =  -2;30/3y  •  3v/3x  is  also  valid  in  three  dimensions. 
The  source  term  on  the  right  hand  side  might  Took 
slightly  different  in  a  nonlinear  -How  situation,  out  the 
concept  of  having  linearly  superposable  pressure  sources 
in  the  shear  layer  will  not  break  down,  because  the  pres¬ 
sure  is  a  linear  quantity  in  all  our  equations,  ana  De¬ 
viations  of  this  linearity  will  occur  only  if  the  pres¬ 
sure  perturbation  is  of  the  same  order  as  the  ambient  gas 
pressure.  Anyway,  eq.  (24)  shows  clearly,  why  shear 
layers  are  highly  sensitive  to  perturbations  (such  as 
sound)  coming  from  upstream  and  not  very  sensitive  to 
perturbations  having  their  origin  downstream  of  the  edge 
in  the  shear  layer. 

6.  THE  EDGE  EXCITATION 

Those  who  know  recent  experiments  on  excited  jets 
know  that  an  excitation  close  to  the  lip  is  very  efficient 
The  preceding  calculations  did  not  consider  this  case, 
because  it  was  assumed,  tnat  wr  /O  >>  1_.  On  tne  other  hand, 
eq.  (23)  can  be  also  expanded  for u?ro/0o<<1 ,  which  would 
include  the  lip  excitation  case. After  some  intermediate 
calculations  we  find 

...t-.v  i,-V,  ,«[„.,)  ■  , 

with  \  *  —  (i+1)  and  valid  for 

Co 

u>r„ /U  «  1  and  ox/0  >>  1  . 

There  is  some  interesting  ihvsics  hidden  in  eq.  (27). 
Assume  that  y-Xj  ■*  +  o  and  ,'r  \  sinn5>/2-*  o.  Then  we 
have  a  source  just  above  the  shear  layer  at  small,  say, 
positive  x_.  The  source  acts  then  as  a  6-function  with 
the  strength  0/2  on  the  shear  layer.  0/2  is  just  the  flux 
which  penetrates  through  the  shear  layer  plane.  With  this 
in  mind  we  reconsider  the  general  solution  for  the  shear 
layer  motion,  eq.  (11)  *).  For  vlf  we  have 

Vjf.w-'l  i(x-xQ)  at  y  *  +o.  (28) 

With  eq.  ( 1 1 )  we  find  the  complete  solution  at  ones: 

v  .  Si-  [eXlX  •  e*XlXo  -  eV  •  e"X2xo]  (29) 

2Do 

For  the  pure  lip  excitation  with  x.x.  +  o  we  have  a 
simple  analytic  solution  which  might  be  utilized  if  the 
free  shear  layer  is  excited  just  at  the  plate  edge 

v  .  (eV  .  e^)  (30) 

20o 

Also  the  u-dlstribution  in  the  whole  ambient  field  can  be 
written  in  closed  form.  It  contains  exponential  integrals 
of  complex  argument  for  the  induced  field  of  the  instabi¬ 
lity  waves  truncated  at  x  «  o  (v-  =  o  for  x  <  o)  and  of 
the  induced  field  of  the  source12. 20.  For  distances 
farther  downstream,  we  have  a  ultra-simple  equation  for 


vibrating  plate 


the  magnitude  of  the  instability  waves,  where  |v,|  ■ 

|V,|  *  |U  |  •  |u  |.  We  find 

WX 

|u  |  =  ^Si_  e®o  at  y  «  -o  (31 ) 

2  2U0 


and  with  the  introduction  of  the  decay  in  y  direction 
ti(x-lyl) 

i..  l  _  Qw  «  D-  ri 


for  x  >  U  /u  and  y  +  0. 

Q  is°the  volume  flux  (say,  in  m*/s)  of  the  excita¬ 
tion  source.  In  a  real  situation  with  an  arrangement 
like  the  one  shown  below  (see  Fig.  4)  we  suspect,  that 
more  than  half  of  the  volume  flux  Q  penetrates  through 
the  y  »  o  plane.  Therefore,  the  efficiency  might  be  even 
slightly  higher  than  suggested  by  eg.  (32). 


Fig.  4  Real  edge 


excitation  configuration. 


layer 


wire  probe 


vibrating  plate  rectangular  channel 


Fig.  5  Experimental  arrangement. 

is  measured  by  two  microphones  on  both  sides  of  the 
splitter  plate.  The  pressure  difference  pi  -  p2=  api2 
is  taken  electronically  and  is  a  direct  measure  for  the 
acoustic  excitation. 

In  order  to  prevent  effects  of  the  suction  slit  on 
the  sound  field,  the  oscillating  flow  through  the  slit 
is  compensated  acoustically  by  a  piston  speaker  in  the 
suction  duct.  This  piston  speaker  is  adjusted  in  magni¬ 
tude  and  phase  so  that  zero  oscillating  flow  condition 
through  the  slit  is  achieved.  This  is  checked  by  a 
second  hot  wire  probe  (not  shown  in  Fig.  5)  inserted 
into  the  slit. 

Fig.  6  shows  a  typical  measurement  taken  by  a  hot 
wire  probe.  The  mean  velocity  D  and  the  fluctuating  velo¬ 
city  u2  are  taken  at  a  constant  downstream  location  x. 

The  probe  is  moved  perpendicularly  (in  y-direction)  to 
the  shear  layer.  For  each  data  set  the  linearity  between 
excitation  pressure  and  velocity  u2  is  tested  by  varying 
the  excitation  level.  Only  such  data  were  chosen  where 
linearity  holds. 


7.  FURTHER  EXTENSIONS  OF  THE  THEORY 

The  theory  has  been  extended  to  the  case  of  two 
streams  of  different  velocity  and  density  on  both  sides 
of  the  shear  layer'2.  Also  the  influence  of  additional 
walls  for  the  case  of  a  shear  layer  in  a  channel  has 
been  considered'2.  The  influence  of  a  finite  shear  layer 
thickness  has  been  also  discussed' 2 •' 3 .  If  one  compares 
the  present  approach  (with  an  Infinitesimally  thin  shear 
layer)  to  the  case  of  Instability  waves  in  a  shear  layer 
of  finite  momentum  thickness  e,  one  finds  that  devia¬ 
tions  from  the  theory  are  to  be  expected  at  Strouhal 
numbers  above  about  S  %  0.005-0. 01. The  regime  of  ampli¬ 
fied  waves  lies  in  the  range  of  S.  between  0  and  0.04. 
Therefore,  the  theory  covers  about  the  lower  fourth  of 
the  amplified  Instability  waves.  This  Is  also  the 
regime  of  "large  scale  structures”  In  a  shear  layer. 

8.  EXPERIMENTS 

Before  we  show  the  experimental  data  we  have  to 
outline  the  way  In  which  the  data  are  takon  and  proces¬ 
sed.  Fig.  5  stews  the  experimental  setup.  The  splitter 
plete  In  the  center  of  a  rectangular  channel  separates 
a  region  of  very  slow  entrainment  flow  (O<0.1  0  at  y>o) 
from  the  mean  flow  region  (0  ■  U  at  y<o).  The  initial 
shear  layer  thickness  can  be  controlled  by  boundary 
layer  suction  through  a  slit  in  the  splitter  plate  near 
the  plate  edge. 

The  excitation  Is  provided  by  two  vibrating  plates 
driven  electromagnetically  and  operating  In  antiphase 
so  that  a  surging  motion  around  the  edge  of  the  splitter 
plate  Is  produced.  The  magnitude  of  the  excitation  field 


x  =  const 


Fig.  6  Mean  velocity  0  and  modulus  of  fluctuation  u, 

plotted  versus  y  at  constant  downstream  location x 

The  modulus  of  u2  is  plotted  versus  y  on  semi loga¬ 
rithmic  paper.  Thus,  an  exponential  decay  of  [u,|in  the 
(minus)  y-direction  yields  a  straight  line.  If  this 
straight  line  is  extrapolated  to  the  center  of  the  shear 
layer,  we  find  |u2|  at  y  *  o,  which  is  also  predicted  by 
our  theory.  As  we  see  from  the  comoutations  in  Fig.  2, 
this  extrapolation  scheme  will  fail  only  for  values  very 
close  to  the  plate  edge. 

In  Fig.  7  our  present  data  of  |u  ]  at  y  *  o  are 
plotted  versus  x  at  different  Strouhal  numbers  S..  |u2| 
and  x  are  nondimensional ized  as  suggested  by  the  theory 
(eqs  (19)  and  (20)).  The  data  compare  well  with  our 
prediction,  eg.  (18).  At  increasing  Strouhal  numbers  we 


find  the  expected  deviations. 


M* 

U, 


Fig.  7  Magnitude  of  instability  waves  as  a  function  of 
downstream  distance. 
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Abstract 

The  phenomenon  of  broadband  noise 
aapliflcation/euppression  under  controlled 
excitation  is  investigated.  The  suppression  is 
found  to  occur  only  at  lav  jet  speeds  when  the  exit 
boundary  layer  is  laalnar;  excitation  at 
Stg  *  0.017  results  in  optlaua  suppression  of  the 
far-field  broadband  noise  as  well  as  of  the 
near-flov-fleld  turbulence.  The  noise  aapliflcation 
is  found  to  be  a  function  of  the  Mach  saber,  the 
aapliflcation  is  higher  at  higher  Mach  nuaber  for  a 
given  excitation  Strouhal  nuaber  and  level.  The 
amplification  also  depends  on  the  Strouhal  nuaber 
(St])) ,  the  aaxiana  occurring  in  the  range 
0.65-0.85.  Vortex  pairing  induced  by  the  excitation 
appears  to  be  at  the  heart  of  the  noise 
aapliflcation  phanoaanon  under  excitation. 


Introduction 

Recent  axperiaental  evidences  aake  it 
abundantly  clear  that  the  noise-producing 
near-flov-fleld  of  an  axi  symmetric  jet  is  doainated 
by  large-scale,  coherent,  vortical  structures  (see, 
e.g.,  U-4J).  Several  axperiaental  investigations 
have  also  aada  it  quite  clear  that  these  coherent 
structures  can  be  significantly  altered  or 
aanlpulated  under  controlled,  artificial  excitation 
(2-8].  Hovevar,  relatively  little  is  known  about 
the  details  of  the  effect  of  controlled  excitation 
on  the  radiated  noise  and  about  the  link  between 
observed  aodiflcatlon  of  the  noise  sad  the  altered 
states  of  the  coherent  structures.  An  axperiaental 
investigation  la  currently  In  progress  with  the 
objective  of  achieving  a  batter  grasp  on  this  link, 
obtaining  a  dearer  understanding  of  the  jet  noise 
production  eechanlsa  being  the  ultimate  goal.  Soma 
preliminary  results  of  this  study  are  presented 
here.  Attention  is  focused  in  this  paper  on  the 
conditions  of  excitation  which  result  in  an 
aapliflcation  or  suppression  of  the  broadband 
components  of  the  far-field  noise.  The  question  of 
a  'Reynolds  number  barrier’,  in  this  regard  (9],  is 
also  addressed. 


The  experiments  were  carried  out  in  a  9.1  a 
x  6.1  ax  7.6  a  anechoic  chamber.  The  jet  flow  was 
obtained  by  passing  compressed  air  through  an 
upright,  20  cm  diameter,  cylindrical  settling 
chamber.  The  flow  finally  passed  through  a 
convergent  nossle  which  ended  in  a  short  straight 
section.  A  2. 5 A  cm  diameter  nossle  wss  used  for 
most  data  reported  here.  Top-hat  asan  velocity 


profiles  with  thin  boundary  layers  were  obtained  at 
all  speeds,  the  turbulence  intensity  at  the  exit 
center  was  less  then  0.2  percent.  The  far-field 
noise  was  measured  by  one-half  inch  (B&K) 
microphones  held  fixed  on  an  arc  of  a  circle  having 
the  nossle  exit  at  the  canter;  the  microphones  were 
at  a  distance  R/D  ”  120  with  the  nossle  exit 
diameter  D  being  2.54  cm.  Standard  constant 
temperature  anemometry  was  used  for  the  flow 
measurements.  The  excitation  was  provided  by  means 
of  two  loudspeakers  attached  to  the  settling 
chamber,  the  cavity  resonances  were  utilized  to 
obtain  the  plane  wave  excitation.  The  excitation 
level  at  the  jet  exit  was  monitored  by  measurement 
of  the  filtered  rms  component  of  the  velocity 
(u'fc)  at  the  driving  frequency.  The 
corresponding  excitation  level  in  terme  of  the  SPL 
(Lg)  was  monitored  by  a  one-eighth  inch  microphone 
fitted  with  a  nose-cone  end  placed  such  that  the 
jet  exit  plane  bisected  the  opening  in  the 
nose-cone.  All  spectra,  as  well  as  u'j>e  and  L,, 
were  obtained  by  1000-line  narrow-band  analysis 
using  a  Spectral  Dynamics  (SD360)  analyzer.  All 
data  acquisition,  probe  traverses,  etc  were  done 
under  remote  computer  (PDF  1170)  control  from  an 
adjacent  room  which  housed  all  the  instrumentation. 


Results  and  Discussion 

In  order  to  evaluate  the  changes  in  the  jet 
noise  brought  about  by  the  excitation,  a  knowledge 
of  the  unexcited  jet  noise  was  necessary.  The 
scaling  of  the  power  spectral  density  (PSD)  of  the 
far-field  noise  of  subsonic,  unheated,  axlsymaetrlc 
Jets  had  been  addressed  in  a  prior  study  (10J,  based 
on  a  collection  of  data  from  the  literature  as  well 
as  data  taken  in  the  preliminary  phase  of  the 
present  experiment.  A  principal  result  of  this 
previous  study  that  concerns  the  results  to  be 
presented  here  is  briefly  described  below. 

The  non-dimsnsionallzed  PSD  of  the  far-field 
noise  at  @  •  90*  obtained  in  the  present  jet 
facility  is  shown  in  figure  1;  0  is  the  angle  of  the 
measurement  from  the  downstream  jet  axis.  P*  equals 
(p/(pu2))2(R/D)2(U/(AfD)),  where  p  is  the  rue 
pressure  fluctuation,  p  it  the  density  of  the 
ambient  air,  U  the  jet  exit  velocity,  R  the  distance 
of  the  measurement  point  from  the  jet  exit  canter, 
and  Af  the  bandwidth  of  analysis.  Note  that 
P*K“2,5  if  plotted  versus  the  Strouhal  number 
StD;  hare  M  («U/a0)  is  the  Mach  number,  Zq 
being  the  sound  speed  in  the  ambient  medium.  It  was 
shown  in  [10]  that  these  are  the  coordinates  which 
best  collapsed  the  PSD  data  at  90*.  (See  [10J  for 
further  details  and  scaling  of  the  PSD  at  other 
angles).  These  data  should  provide  a  basis  for 
comparison  of  the  far-field  noise  modification 


3*10 


Fig.  1  PSD  of  far-fleld  nolle  at  8*90*. 

- ,  M-0.84; - ,  M-0.78; 

_ ,  M-0.68; _ _  M-0.57; 

_ _  M-0.52;  _ ,  M-0.59. 

D-1.27  cm  fot  M>0.59  caae,  all  others  taken 
in  D-2.S4  ca  jet. 


under  excitation  and  in  detection  of  any 
peculiarities  in  the  unexcited  jet  nolae  PSD. 
However,  in  order  to  assess  the  precise  effect  of 
the  excitation,  the  excited  caae  data  are  always 
compared  with  the  corresponding  unexcited  caae  data 
taken  successively. 

The  peaks  of  the  PSD  curves  in  figure  1  do  not 
show  any  sharp  variation  with  the  Reynolds  number , 
over  the  measurement  range  1.7  x  10s  - 
5.0  x  10s.  Eased  on  their  own  data  at  low  Rsq 
and  data  at  high  Keg  from  the  literature,  Long  at 
al  (U|  had  observed  a  10  dl  variation  in  the  SPL 
above  and  below  Ssq  «  3  x  10s.-  The  present  data 
as  well  as  several  sets  of  data  taken  from  the 
literature  did  not  bear  out  such  a  'Rep-barrier ' 
for  the  far-fleld  noise  vplltude  [10]. 

Baaed  on  Jet  excitation  data  from  the 
literature,  Crighton  [9]  bad,  at  first,  observed  a 
similar  'Reynolds  number  barrier'  in  connection  with 
the  phenomenon  of  broadband  noise  amplification/ 
suppression.  Ha  observed  that  artificial  excitation 
resulted  in  an  amplification  of  the  broadband 
spectral  components  (of  turbulence  and/or  far-fleld 
noise)  if  the  Jet  Reynolds  number  was  above  about 
10s,  but  a  suppression  occurred  when  the  Rep  was 
below  10s.  Data  taken  in  the  present  experiment 
show  that  the  broadband  noise  suppression  phenomsnon 
is  rather  a  function  of  the  jet  initial  condition 


(i.e.,  exit  boundary  layer  state)  and  also  of  the 
excitation  Strouhal  number.  The  Reynolds  number 
dependence  enters  the  picture  simply  because  for  a 
given  (untrlpped)  jet,  the  initial  boundary  layer 
becomes  transitional  above  a  certain  Rep.  It 
appears  that  this  transitional  Rep  in  the 
Investigations  reporting  suppression,  as  sunoarlzed 
by  Crighton,  happened  to  be  about  10s  in  all 
cases.  Indeed,  the  transitional  Rap  in  the 
present  jet  is  also  found  to  be  about  10s.  But 
this  author  believes  from  past  experience  that  the 
transitional  Rap  can  be  practically  any  number 
depending  on  the  size  of  the  jet  and  the  care  with 
which  it  it  built.  The  following  points  are 
pertinent  in  connection  with  the  broadband  noise 
suppression: 

(a)  A  reduction  in  the  broadband  turbulence  at  some 
point  in  the  flow  does  not  necessarily  result  in  a 
broadband  noise  suppression.  This  is  illustrated  in 
figures  2(a)  and  (b).  Figure  2(a)  shows  that  the 
excitation  inducing  stable  vortex  pairing  (i.e., 
periodic  pairing  of  the  vortex  rings  yielding  the 
aubharmonic  spike;  [4,5])  results  in  a  large 
suppression  of  the  broadband  turbulence  at  locations 
nearer  to  the  jet  exit;  Su  is  u— spectrum  shown 

with  arbitrary  vertical  scale.  The  corresponding 
far-fleld  noise  at  90*  (figure  2b),  however,  shows  a 
consistent  increase  in  the  broadband  components  all 
over  the  frequency  range. 

(b)  The  suppression  phenomenon  is  dependent  upon 
the  Strouhal  number  of  excitation.  Significant 
suppression  of  the  far-field  noise  occurred  only  in 
the  'shear  layer  mode'  of  excitation,  i.e.,  at 
Strouhal  numbers  falling  close  to  the  most  unstable 
mode  of  the  exit  shear  layer.  Optimum  suppression 
occurred  at  the  most  unstable  Strouhal  number 

Ste  *  0.017  [12],  where  St9  (»f_8/U)  is  the 
Strouhal  number  based  on  the  exit  shear  layer 
momentum  thickness  8.  Thus,  the  same  flow  which 
shows  a  broadband  noise  amplification  at 
Stp  -  0.88  in  figure  2(b),  shows  a  suppression 
when  excited  at  Stg  -  0.017  as  shown  in  figure 
3(b).  In  the  latter  caae,  there  la  broadband 
suppression  in  both  near-field  turbulence  (figure 
3s)  and  far-field  noise.  Note  that  excitation  at 
Stg  -  0.017  had  been  shown  in  a  previous  study 
[13]  to  be  the  condition  resulting  in  maximum 
turbulence  suppression  for  different  free  shear 
flows  with  initially  laminar  boundary  layers.  It  is 
noteworthy,  and  perhaps,  disappointing,  chat  while 
the  near-field  turbulence  suffers  suppression  of  the 
total  intensity  (resultant  of  broadband,  excitation 
tone  and  (sub)harmonics),  the  suppression  in  the 
far-fleld  noise  is  only  in  the  broadband 
components .  The  total  fluctuation  intensity  u'  in 


Fig.  2  Excitation  Inducing  stable  vortex  pairing. 

Stp-0.88,  u'fa/UalX,  >M). 12,  Rap-60000.  Dotted  traces  for  unexcited 
case,  (a)  u-epectrum  at  x/D-1.5  on  the  Jet  axis,  (b)  PSD  at  8-90*. 


Fig.  3  Excitation  Inducing  turbulence  and  broadband  noise  suppression.  Dotted  curves 
for  unexcited  case.  Stg-0.017,  u'fe/U-0.03Z,  M-0.12,  Rep-60000. 

(a)  u-spectrua  at  x/D-1.5  on  jet  axis.  (b)  PSD  at  6-90*. 


figure  3(a)  for  the  excited  case  is  only  24  percent 
of  the  corresponding  u'  In  the  unexcited  case;  but 
the  total  SPL  at  90*  for  excitation  (figure  3b)  far 
exceeded  the  corresponding  unexcited  value. 

(c)  Significant  broadband  noise  suppression  (Ilka 
In  figure  3b)  could  not  be  observed  under  any 
excitation  condition  for  Initially  tripped  jet  or 
for  the  imtrlpped  Jet  operated  at  high  M  (or  Sap) 
when  the  Initial  boundary  layer  became 
transitional.  For  the  untripped  2. 54  ca  jet  In  the 
present  experiment,  the  exit  boundary  layer  was 
found  to  be  undisturbed  laminar  for  U  <  60  a/s  but 
becaae  'nominally  laminar'  above  this  velocity.  (A 
'nominally  laminar'  boundary  layer  can  ha  defined  as 
one  which  has  a  D-prof lie  agreeing  fairly  with  the 
Blaslus  profile  but  which  suffers  significant 
fluctuation  Intensity,  say  above  1  percent  of  U;  see 
(14]  for  a  discussion  on  this).  Measurements  up  to 
U  -  173  a/s  showed  that,  the  boundary  layer  still 
remained  'nominally  laminar'  or  'disturbed  laminar' 
and  did  not  become  'fully  turbulent'.  The  exit 
boundary  layer  characteristics  In  the  present  jet 
are  shown  In  figure  4  for  two  speeds  below  and  above 
the  onset  of  transition. 

(d)  Tbs  unexcited  jet  noise  at  low  M  (and  Rep) 
with  Initially  laminar  boundary  layer  Is  relatively 
higher— as  should  be  evident  by  comparison  of  figure 


3(b)  and  flgura  1.  The  suppression  phenomenon 
brings  this  level  down  to  the  esymptotlc  lower  level 
found  for  the  higher  M  case*.  The  turbulence 
suppression  under  excitation  also  behaves  in  a 
similar  fashion.  For  the  unexcited' case,  the 
near-field  turbulence  Intensity  la  higher,  end 
excitation  at  Stg  •  0.017  can  only  bring  this 
level  down  to  levels  encountered  In  high  M  or 
Initially  turbulent  boundary  layer  cases.  As  a 
matter  of  fact,  the  centerline  u'  variation  for 
excitation  at  Stg  -  0.017  for  Rap  -  21000 
raported  in  [13],  agree  excellently  with 
corresponding  data  In  the  present  jet  at  M  -  0.44 
(see  figure  10  later). 

In  the  above  context,  the  far-fleld  broadband 
noise  suppression  phenomenon  appears  to  be  a  special 
case,  as  far  as  practical  jat  noise  suppression  Is 
concerned,  and  la  observed  only  when  the  jet 
exhibits  higher  relative  levels  to  start  with. 


Broadband  Noise  Amplification 

When  the  unexcited  Jet  noise  Is  at  the  lower 
asymptotic  level  as  In  figure  1,  excitation  can  only 


0-60  m/s;  O,  0-98  m/s.  Open  data  for  mean 

velocity  (U)  profiles,  solid  data  for  rns  5  PSD  at  9-90*.  N-0.44,  Stp-0.44, 

fluctuation  Intensity  (u')  profiles.  Solid  u'f,/U-0.46Z  (Lt-138  dB).  Dotted  curve 

line  represents  Blaslus  profile.  for  unexcited  case. 
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curve*  for  unexcited  cum. 


(a)  !M).44,  SCq-0.44,  u'f,/D-0.15Z  (Le-131  dB) . 

(b)  M-0.58,  St0-0.44,  u'f#/U“0. 15Z  (L-136  dB) . 

(c)  M-0.44,  St0-0.44,  u'f./D-0.07Z  a*-125  dB) . 
<d)  M-0.65.  StD-0.44,  u'f,/D-0.033Z  (I  -130  dB) . 


remit  in  a  amplification.  The  broadband  Jat  nolae 
amplification  phenomenon  baa  baan  obaarrad  b y  aany 
previous  raaaar chars  (3,8,19,16).  Typical  broadband 
noise  amplification  is  shown  in  figure  3.  Ths 
excitation  in  this  casa  remits  in  s  uniform  lift  of 
ths  broadband  level.  The  phenomenon  is  also 
essentially  independent  of  ths  angle  6;  this  is  why 
data  for  9  -  90*  only  are  presented  here,  the 
inferences  drawn  froa  which  era  general  and 
independent  of  ths  angle  of  observation  . 

In  this  study,  it  has  been  established  that  for 
a  given  level  of  axcltatlon,  ths  broadband  noise 
amplification  is  a  function  of  the  Mach  nuaber  and  a 
strong  function  of  ths  excitation  Strouhal  Dumber. 


Mach  Number  Iff act;  Ths  Mach  nuaber  affect  bacaas 
apparent  while  atteepting  to  reproduce  ths  results 
reported  in  (13|.  iechert  sad  Pfisenaalar  observed 
about  7  d>  lncraaaa  In  ths  SFl  for  axcltatlon  at 
8tp  •  0.46  for  M  -  0.9  with  excitation  level 
u’||  •  0.39  percent.  Initially,  excitation  at  the 
sans  level  but  at  lower  N  in  ths  present  axperlasnt 
felled  to  produce  as  each  lacrosse  in  the  SFL. 
Suboegumtly,  it  bacaas  clear  that  tba  amplification 


bacaas  more  with  increasing  M  for  the  same 
excitation  level.  This  is  demonstrated  in  figures 
6(a)  through  6(d).  Figures  6(a)  and  6(b)  show  that 
the  amplification  is  more  at  M  -  0.38  than  at 
M-0.44  for  the  saae  excitation  level  (0.15 
percent).  Similarly,  while  u’fe/U  -  0.07  percent 
failed  to  produce  any  noticeable  amplification  at 
M  •  0.44,  u'fe/U  -  0.033  percent  (maxi nun 
available)  at  M  -  0.65  clearly  resulted  In  a 
noticeable  amplification.  Note  that  figures  3,  6(a) 
and  6(c)  show  that  increasing  excitation  level 
remits  in  increasing  broadband  noise  amplification; 
curiously,  the  increase  in  the  broadband  level 
varies  almost  linearly  with  the  logarithm  of 
u'fa/u  or  the  SFL  level  at  the  exit  (L,). 

Note  that  essentially  a  reverse  Mach  nuaber 
effect  was  reported  in  [8] ,  in  which  the  excitation 
level  was  monitored  in  terms  of  Le;  that  is,  the 
amplification  decraasad  with  increasing  M  for  the 
same  Stp  and  Le.  Preliminary  data  in  the 
present  facility  show  that  keeping  a  constant  Le 
rather  results  in  a  constant  broadband  noise 
amplification  for  different  M.  This  apparent 
conflict  will  be  addressed  later  but  cos  has  to 
remember  that  several  factors  coma  into  play  in  this 
connection.  For  example,  at  higher  M,  a  higher  fp 
(required  to  achieve  the  same  Stp)  may  be 
approaching  the  cut-on  frequency  for  higher  order 
modes.  In  such  case,  the  global  excitation 
characteristics  at  the  exit  plane  can  become 
different.  (The  cut-on  frequency  for  the  first 
azimuthal  mode  through  the  nozzle  was  5  kHz  while 
fp  -  3880  Hz  for  figure  6d). 


Strouhal  Number  Effect!  The  Strouhal  number  effect 
on  the  broadband  noise  amplification  is  demonstrated 
in  figure  7(a)  through  7(d) — all  for  M  -  0.44  and 
u'fe/0  -  0.15  percent.  Comparison  of  these  four 
figures  and  figure  6(s)  shows  that  maximum  broadband 
noise  amplification  occurs  at  StQ  -  0.68.  Based 
on  similar  sets  of  data  at  other  M  and  for  different 
D,  the  optimum  amplification  was  found  to  occur  in 
the  StQ  range  of  0.65-0.85.  Figures  8(a)  snd  8(b) 
are  further  included  for  a  lover  M,  to  support  this 
observation.  Note  that  the  unexcited  jet  noise  at 
M  -  0.28  in  figure  8  shows  deviations  froa  the 
characteristic  PSD's  of  figura  1— and  indicate  the 
presence  of  other  competing  noise  sourcaa.  However, 
it  is  clear  that  excitation  at  StD  -  0.67 
dramatically  increases  the  broadband  noise  compared 
to  the  StD  •  0.39  casa. 


It  had  been  shown  in  [ 4 J ,  with  datailed 
measurements  in  {51,  that  axcltatlon  at  StQ  «  0.85 


P*M“3.5 


.03  .1 


P*M”3.5 


PSD  at  0-90*.  Strouhal  number  effect. 

Dotted  curvet  for  unexcited  cate. 

(a)  M-0.44,  StD-0.14,  u'f,/U-0.15*  (1,-120  dB) . 

(b)  M-0.44,  StD-0.24,  u'f,/D-0.15Z  (L,-121  dB) . 

(c)  M-0.44,  Stn-0.68,  u'f,/C-0.15*  (L  -134  dB) . 

(d)  M-0.44,  StQ-1 . 19 ,  u'f,/0-0.15X  (1,-125  dB) . 


result!  In  the  'Jet  column  mode'  of  vortex  pairing. 
With  Initially  laminar  boundary  layer,  the 
excitation  at  StD  •  0.85  reaults  In  'atabla' 
pairing  of  the  vortices.  Initially  turbulent  (or 
transitional)  boundary  layer  cannot  support  stable 
pairing,  but  the  strongest  pairing  activity  is  still 
Induced  at  SCq  *  0.85.  Such  pairing  results  in  a 
broadband,  but  distinct,  lump  at  the  subharmonle 
frequency  (Instead  of  a  spike).  The  pairing 
activity  and  the  resulting  hump  at  the  subharmonle 
frequency,  for  excitation  at  StQ  -  0.68  (figure 
7c),  Is  demonstrated  In  figure  9.  It  Is  also 
noteworthy  that  both  unstable  pairing  (figures  7c, 

9)  and  stable  pairing  (figures  2(a)  and  2(b))  result 
In  significant  Increase  in  tht  broadband  noise.  The ' 
variation  of  the  longitudinal  turbulence  Intensity 
along  the  jet  axis  for  StQ  •  0.68  Is  compared  with 
the  unexcited  case  and  the  case  of  excitation  at 
Stj}  -  0.44  In  figure  10.  These  variations  agree 
well  with  the  data  In  (4)  where  the  pairing 
phenomenon  wes  studied  at  much  lower  Mach  number. 
Ixeltatlon  results  In  an  upstream  shift  of  the  u'(x) 
curves  easodeted  with  a  faster  spreading  of  the 
Jet.  The  Stg  -  0.67,  Inducing  pairing,  yields  the 
fastest  spread  of  the  Jet  compared  to  excitation 


3  .03 


cases  at  significantly  higher  or  lower  Strouhal 
numbers. 

Thus,  It  seems  that  artificially  Induced 
interactions  of  the  vortical  structures  is 
responsible  for  much  of  the  broadband  noise 
amplification.  Enhancing  the  large-scale  structures 
(l.a.,  making  them  more  energetic)  but  not  Inducing 
any  interaction  does  not  result  in  any  significant 
amplification.  The  excitation  cases  at  the  lower 
Strouhal  numbers  (a.g. ,  at  StD  -  0.24  In  figure 
7b)  bear  evidence  to  this  observation. 


Concluding  Remarks 


The  broadband  noise  amplification/ suppression 
phenomenon  has  been  Investigated  In  some  detail. 

The  suppression  of  the  broadband  noise  Is  found  to 
occur  only  at  low  Reynolds  numbers  (and  low  Mach 
numbers)  when  the  Initial  boundary  layer  is 
laminar.  Tha  suppression  is  found  to  occur  when  the 
excitation  Is  provided  at  the  unstable  frequency 
range  of  the  exit  shear  layer,  Stg  »  0.017 
resulting  in  maximum  suppression.  In  this 
excitation  condition  there  Is  also  a  remarkable 
suppression  of  the  near-fleld  turbulence.  However, 
while  tha  total  turbulence  intensity  drops  well 
below  the  corresponding  unexcited  level,  the 
suppression  In  the  far-fleld  noise  occurs  only  In 
the  broadband  components.  The  broadband  noise 
suppression  occurs  In  situations  where  the  unexcited 
jet  noise  In  'unclean'  to  begin  with,  having  a 
higher  (non dimensional)  PSD  level  compared  to  the 
asymptotically  lower  PSD  level  found  at  higher  Mach 
numbers. 

When  the  unexcited  jet  noise  Is  at  the 
asymptotically  lower  level,  which  Is  the  case  at 
higher  M  (and  Rsq),  the  excitation  can  only  result 
in  an  amplification  of  the  broadband  noise.  The 
broadband  noise  amplification  Is  found  to  be  a 
function  of  the  Mach  number;  with  Increasing  M,  the 
amplification  is  more  for  excitation  at  the  same 
StQ  and  level.  As  previously  found  by  others,  the 
amplification  Is  also  observed  to  be  a  function  of 
tha  excitation  Strouhal  number.  It  is  shown  In  this 
work  that  the  maximum  amplification  occurs  at  a 
StQ  of  0.65  to  0.85.  Excitation  In  this  Strouhal 
number  range  had  bean  found  to  Induce  strongest 
vortex  pairing  activity  In  the  near-flov-fleld. 

Thus,  the  broadband  amplification  under  axdtetlon 
appears  to  be  linked  with  the  Induced  Interactions 
of  the  large-scale  structures.  This  result  should 
bring  up  renewed/ralnforcad  emphasis  on  ths  role  of 
vortex  pairing  in  jat  noise  production. 
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PSD  at  8-90*.  Dotted  curve*  for  unaxcltad  case- 
fa)  M-0.28,  StD-0.39,  u’£,/U-lZ  (L.-135  dB). 

(b)  M-0.28,  StD-0.67,  u’£«/U-U  (L,-138  dB). 


A  large  aet  of  data  ha*  been  obtained  for 
typical  cease  of  broadband  noise  amplification  under 
excitation.  These  cases  Include  excitation  at 
Stj)  ■  0.41  and  0.68  at  M  -  0.44  and  the 
corresponding  unexcited  case.  Detailed  tiae -average 
and  spectral  evolution  data  for  the  flow-field  as 
well  as  the  near-pressure  field,  have  been  acquired 
on  a  cross-sectional  plane.  Conditional  s sap ling 
measurements  are  also  being  carried  out  for  the 
eduction  of  tbs  large-scale  structures  In  these 
flows.  These  results  are  axpsetad  to  shed  further 
light  on  the  mechanics  of  broadband  nolsa 
amplification  under  excitation  and  on  jet  noise 
production  mechanism  In  general,  and  will  be 
summarised  in  a  publication  in  the  near  future. 
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10  Variation  of  longitudinal  turbulence 

Intensity  along  the  Jet  axis  for  M-0.44  Jet, 
O  ,  Stp-0.44,  u’£e/U-0.15X; 

B  ,  StD-0.68,  u'£t/U«0. 15X; 

A  ,  unexcited  Jet. 
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VERIFICATION  OF  THE  EXTENDED  GRADIENT  DIFFUSION  MODEL  BY  MEASUREMENTS  OF  THE  MEAN  AND 
FLUCTUATING  TEMPERATURE  FIELDS  IN  SODIUM  FLOW  DOWNSTREAM  OF  A  MULTI  -  BORE  JET  BLOCK 
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A  diffuaivity  based  model  previously  developed  by 
the  authors  for  the  prediction  of  mean  and  fluctuating 
temperatures  in  water  flow  downstream  of  a  multi-bore  jet 
block  in  which  one  jet  is  heated,  has  been  applied  to 
flow  of  sodium  in  apparatus  of  identical  geometry  to 
that  used  for  the  water  flow.  Since  the  dynamic  proper¬ 
ties  of  water  and  sodium  are  very  similar,  the  effect  of 
the  grossly  different  Prandtl  numbers  can  be  examined  in¬ 
dependent  of  the  velocity  field.  Molecular  conductivity 
terms  are  neglected  re.ative  to  turbulent  diffusion  ones 
for  water  but  are  included  for  the  sodium  flow.  In  other 
respects  the  model  is  the  same  for  both  flows.  Calcula¬ 
ted  and  measured  mean  temperatures  in  sodium  show  a 
small  difference  when  using  model  parameters  determined 
in  che  water  flow  but  show  excellent  agreement  at  dif¬ 
ferent  Reynolds  mashers  when  an  adjustment  is  made  to 
the  constant  of  proportionality  in  the  diffuaivity  model.. 
Measurements  of  the  turbulence  intensity  downstream  of 
the  jet  block  in  sodium  using  a  miniature  electromagne¬ 
tic  probe  indicate  that  this  adjustment  is  necessary  due 
to  a  difference  in  the  velocity  field  of  water  and 
soditai  rather  chan  oversimplification  of  the  model. 

INTRODUCTION 

Coolant  flow  monitoring  in  fuel  rod  subassemblies 
of  sodium  cooled  nuclear  power  reactors  is  important  for 
safety  as  well  as  performance  purposes.  Reliable  instru¬ 
mentation  for  velocity  measurements  is  not  yet  available, 
particularly,  if  turbulence  quantities  are  required.  It 
is  necessary,  therefore,  to  be  able  to  interpret  tempera¬ 
ture  measurements  by  means  of  mathematical  models  which 
will  give  some  insight  into  the  velocity  field  from  tem¬ 
perature  data.  Such  siathematical  models  are  generally 
extensively  tested  by  use  of  geometrically  similar  models 
in  water  since  water  and  liquid  sodium  have  similar 
kinesmtic  viscosities  -  within  a  factor  of  two  or  three 
under  normally  used  laboratory  conditions  -  and  nearly 
identical  densities  thus  giving  dynamic  similarity.  In 
the  absence  of  a  suitable  velocity  transducer  for  use  in 
sodium  the  velocity  field  can,  therefore,  be  obtained  in 
water.  If  these  velocity  data  can  then  be  used  in  a 
model  relating  the  velocity  field  to  the  tesiperature 
field  when  a oart  of  the  flow  la  heated,  much  can  be  de¬ 
duced  from  just  temperature  measurements  in  the  sodium 
flow. 

In  this  work,  an  eddy  diffuaivity  and  gradient 
diffusion  approach  has  been  used  to  solve  the  mean  and 
fluctuating  temperature  equations.  Details  of  the  model 
for  the  caae  of  negligible  molecular  conductivity  as  in 
water  have  already  been  preaented  by  Krebs  at  al.  0  981). 
Simulation  of  the  flow  through  tube  bundles  is  by  means 
of  a  malti-bora  jet  block  set  in  a  containment  pipe. 

While  the  geometry  of  the  flow  cross-section  is  the  in¬ 
verse  to  that  in  the  rod  bundle,  the  downstream  flow  can 


be  expected  to  be  affected  only  marginally.  In  both 
cases,  the  downstream  flow  will  be  similar  to  a  grid 
generated  flow.  Turbulence  decay  laws  are,  therefore, 
similar  to  the  present  ones  have  been  discussed  by 
Brodkey  (1975)  and  Gal-el-Hak  and  Morton  (1979),  but  in 
both  cases  the  blockage  ratios  are  significantly  differ¬ 
ent  as  also  are  the  geometric  details .  Mathematical 
models  suitable  for  present  purposes  are  also  absent. 

MATHEMATICAL  MODEL 

The  basic  flow  variables  and  .he  coordinate  system 
are  shown  in  Fig.  1.  For  steady  incompressible  flow  with 
negligible  heating  by  dissipation  and  no  internal  heat 
sources,  the  energy  equation  reduces  to 


3T  3  T  3T  — r  1 
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where  the  usual  Reynolds  decomposition  has  been  used  and 
the  Einstein  susaaation  applies  to  repeated  indices. 
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FIG.  I  COORDINATE  SYSTEM  AND  FLOW  VARIABLES. 


Cloture  of  Eq.  (1)  it  obtained  by  ute  of  the  Boussinesq 
assumption 

"I*  ’  -*£&  <2> 
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Except  in  the  immediate  vicinity  of  the  exit,  the  flow 
it  uniform  in  the_radial  and  azimuthal  directions,  and 
rapid  changes  in  T  are  restricted  to  the  radial  direc¬ 
tion.  Og,  the  eddy  diffutivity,  is  therefore  a  function 
only  of  x,  the  ttreamvise  coordinate.  Unlike  for  water, 
Krebs  et  al.  (1981),  the  molecular  diffutivity  is  not 
negligible  to  that  the  simplified  energy  equation  be¬ 
comes  in  cylindrical  coordinates 

*«•  [••*■»]  [*«♦§! 

where  U  is  the  local  mean  streamwise  velocity.  The 
Lagrangian  description  of  diffusion 


For  isotropic  turbulence,  Aj  is  related  to  the  corres¬ 
ponding  velocity  microscale  by 

Aj  •  4  —  X?  Pr  (11) 

f  3  n!  o 

if  power  laws  are  valid  for  the  decay  of  the  square  of 
turbulence  u7  and  of  the  square  of  temperature  fluctua¬ 
tion  intensity  42  with  power  ni  and  m  respectively  and  if 
turbulence  Reynolds  number,  /u^Af/v,  and  the  turbulence 
Peclet  number,  /u^Aj/a,  are  small,  Hinze  (1975).  This  was 
the  case  for  water  and  will  therefore  also  be  the  case 
for  sodium.  As  will  be  seen  later  from  the  measurements 
the  decay  exponent  of  turbulence  nj  is  independent  of  the 
Reynolds  number  whereas  the  decay  exponent  of  temperature 
fluctuation  intensity  depends  on  Reynolds  and  Prandtl 
number.  Combining  Eqs.  (10)  and  (11)  yields 
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is  used  to  relate  the  eddy  diffusivity  to  the  velocity 
field.  The  particle  velocity  v1  is  assumed  to  be  propor¬ 
tional  to  the  screamwise  velocity  fluctuation,  u,  and 
the  Lagrangian  length  scale,  Lg,  is  assumed  to  be  pro¬ 
portional  to  the  Eulerian  one,  Lf.  Introduction  of  the 
power  law  relationships  found  in  water  by  Krebs  et  al. 
(1981) 

x  _aa33 

-  0.73  (i)  (5a) 

u  a 

Lf  -CL44 

•y  -  0.14  (|)  (5b) 

permits  Og(x)  to  be  expressed  in  the  power  law  form 
A  x 

"e(x)  -  i<f>  W 

where  A  *  0.102  d2!?  mm3  s"1,  d  is  in  mm,  U  in  nsa  s-1  and 
n  •  0.61  if  the  proportionality  factors  in  the  change  of 
v1  and  Lg  to  meaaurable  quantities  are  assumed  to  be 
unity.  For  x/d  >  5  (approximately)  and  the  boundary  con¬ 
dition  that  for  large  r,  T  »  T  ,  the  solution  of  Eq.  (3) 
becomes 


_  ... 
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where  <*g(x)  is  given_by  Eq.  (6),  S  •  iir(nd2/4)  «  volume 
flow  of  heated  jet,  Tfc  is  the  temperature  of  the  fluid 
surrounding  the  heated  jet  and  Tg  is  the  mean  temperature 
of  the  heated  jet  at  the  jet  block  exit  plane.  At  Rey¬ 
nolds  number  308  000  in  water,  A  -  3020  mm3s_l.  In  that 
case,  an  experiment  conducted  at  Re  -  154  000  gave  ex¬ 
cellent  agreement  between  measured  and  predicted  tempe¬ 
rature  data  for  A  -  1510  as3s~1  thus  confirming  the 
velocity  dependence  of  A.  This  is,  of  course,  a  necessary 
condition  if  miVTT  and  Lg/d  are  approximately  independent 
of  Reynolds  number. 

The  steady  state  balance  for  temperature  fluctua¬ 
tions  is.  Launder  (1976), 
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Ui j  is  given  by  the  Bouasinesq  approximation,  Eq.  (2), 
u. 4*  is  modelled  by  the  gradient  approximation 

V*  •  -*lf  »> 

with  a  *  o_(x)  as  used  by  Krebs  et  al.  (1981).  The  dissi¬ 
pation  term  in  Eq.  (8)  can  be  expressed  in  terms  of  the 
temperature  microscale. 

2a  1x7  1x7  *  ,2al7  (,0) 


where  it  has  been  assumed  that  X2  «  vx/U  which  was  veri¬ 
fied  experimentally  for  the  water  case.  Thus  BE/TT  will  be 
constant  and  independent  of  the  fluid. 

Further  simplification  is  possible  since 

.  .  Jr  3 S7  3a  Z67  . 

(a)  U  ST  *  3^7  ta7  and 

(b)  32  l*/6x2  is  negligible  compared  with  the  corres¬ 
ponding  derivatives  in  the  other  two  coordinate  direc¬ 
tions.  Molecular  diffusion  must,  however,  be  retained  in 
this  case  due  to  the  high  conductivity  of  sodium.  In 
cylindrical  coordinates,  Eq.  (8)  reduces  to 

"IT  *  °e(*>[2  €>2  +  2  #*]  (|3) 

r  ,  ,1  W  1  34*7  m  Be  yr 
+  L“  +  aE(x)j  [i^+¥irJ-?TT  * 

for  which  the  following  boundary  conditions  apply 

d7  (x,  D/2)  -  0  and  ^  [S7  (x,  D/2)]  -  0 

for  D  »  width  of  temperature  field,  in  this  case  D  being 
the  diameter  of  the  containment  pipe. 

APPARATUS  AND  INSTRUMENTATION 

Experimental  data  were  obtained  in  the  sodium  test 
section  of  Fig.  2  which  has  the  same  jet  block  geometry 
and  containment  pipe  diameter  as  the  water  test  section 
used  for  earlier  experiments.  The  test  section  consists 
of  a  containment  pipe  of  1 10  mm  diameter,  a  multi-bore 
jet  block  which  could  be  moved  inside  the  test  section 
relative  to  two  fixed  radial  traversing  stations,  screens 
for  smoothing  the  velocity  profile  upstream  of  the  jet 
block  and  provision  for  injection  of  heated  sodium  into 
the  central  channel  of  the  jet  block.  The  latter  has  158 
bores  of  7.2  sm  diameter,  placed  on  a  triangular  pitch  of 
8.2  on  with  a  length-to-diamecer  ratio  of  16.7:1  for  the 
individual  bores.  In  order  to  minimize  heat  loss  from  the 
heated  sodium  in  the  injection  pipe  to  the  central  jet,  a 
double  pipe  construction  was  used  with  the  space  between 
the  pipes  being  evacuated.  The  mass  flow  rate  to  the 
central  jet  was  controlled  independently  of  the  main  flow 
to  ensure  that  the  flow  left  the  jet  block  with  the  same 
velocity  as  surrounding  jets. 

Mean  temperatures  and  temperature  fluctuations  were 
measured  with  a  0.25  sm  outside  diameter,  sheathed  thermo¬ 
couple.  The  insulating  material  was  boron  nitride  with  a 
thermal  conductivity  equal  to  that  of  the  stainless  steel 
sheath.  This  ensures  a  small  time  constant.  Cut-off 
frequencies  are  in  excess  of  40  Hz  which  ensures  that  the 
energy  containing  part  of  the  spectrum  is  captured  with 
minimal  attenuation.  A  thermocouple  was  also  placed  at 
the  outlet  of  the  central  jet  to  permit  measurement  of 
the  tetsperature  of  the  separately  heated  sodium.  The  in- 
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FIG.  3  MINIATURE  ELECTROMAGNETIC  FLOWMETER  PROBE  - 
DIMENSIONS  IN  sn. 

lat  temperature  of  cha  sodium  flow  into  the  remaining 
jet  block  was  also  measured. 

Velocity  measurements  ware  performed  with  a  minia¬ 
ture  permanent  magnet  flowmeter  probe.  Fig.  3,  MUller  et 
al.  (1982).  Two  disc  shaped  magnets  A  and  B  with  diametral 
magnetization  are  contained  in  a  cladding  tube  which  also 
carries  the  +  E  and  -  E electrodes.  As  the  conducting 
liquid  sodium  moves  normal  to  the  magnetic  field  of  the 
two  magnets,  voltages  are  induced  in  the  flow  and  are 
sensed  by  the  electrodes.  Although  the  magnetic  field 
which  permeates  the  surrounding  flow,  is  not  homogeneous, 
the  voltage  induced  was  found  to  be  proportional  to  the 
flow  velocity  over  a  wide  range  of  velocities.  Typical 
sensitivities  are  of  the  order  of  20  uV  per  ms'1.  The 
purpose  of  the  two  sets  of  magnets  and  electrodes  is  to 
permit  swasurements  of  transit  times .  Unfortunately,  the 
dimensions  of  the  probe  are  still  somsvhat  large  in  rela¬ 
tion  to  the  length  scale  of  the  flow  which  is  set  by  the 
hole  diameters  of  the  jet  block.  It  mutt,  therefore,  be 
expected  that  the  mean  velocity  will  be  measured  accura¬ 
tely  but  turbulence  measurements  will  probably  be  affec¬ 
ted  by  the  lack  of  adequate  spatial  resolution. 

MEASUREMENTS  AND  COMPARISON  WITH  CALCULATIONS 

The  measured  mean  velocity  field  in  sodium  flow  is 
illuatrated  in  Fig.  *  for  various  downstream  stations. 
Minor  deviations  from  a  flat  profile  in  the  core  region 
are  observed.  This  is  typical  for  such  a  device  where 
there  are  many  nearly  identical  flow  paths  in  parallel. 

Measured  mean  temperature  profiles  at  two  axial 
stations  are  shown  in  Fig.  3  together  with  Eq.  (7)  fitted 
for  sodium  flow  with  A  -823  mV1.  AT-TE  -Tk  -  24.8  K, 

S  ia  given  by  the  naan  exit  flow  velocity  and  hole  area 
and  a  •  0.61  as  obtained  in  the  experiments  with  water 
by  Krebs  et  al.  (1981).  The  corresponding  measurement  and 
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FIG.  4  MEAN  VELOCITY  PROFILES  DOWNSTREAM  OF  THE  JET 

BLOCK  -  Re  -  308  OOO,  U  -  1.13  ms-1. 
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calculation  for  water  (A  -  3020  mm3s-1,  Tg-Tk  *  9.9  K) 
are  also  shown  from  which  the  significant  contribution  to 
the  spread  of  heat  in  sodium  by  its  high  molecular  diffu- 
sivity  can  be  seen. 

Axial  decay  of  the  maximum  mean  temperature  with 
downstream  distance  for  two  Reynolds  numbers  is  given  in 
Fig.  6.  If  the  model  were  strictly  correct,  the  transfer 
of  the  value  of  A  required  for  solution  of  Eq.  (7)  should 
be  possible  from  the  water  experiments  to  those  in 
sodium.  Simple  considerations  lead  to  the  relation 

*Na  “*H20vNa/vH20  with  vNa(T’30®°c|  *°-4uH20  (T-20°C). 
Using  water, A  amounts  to  3020  mDJs-1at  Re  •  308  OOO.  The 
corresponding  value  for  sodium  should  be  1208  nmi3s_1  but 
at  the  higher  Reynolds  number.  Eq.  (7)  with  A  •  825  nm^s-1 
is  seen  to  give  a  good  fit.  Since  A  •  U,  halving  the 
Reynolds  number  requires  halving  the  value  of  A.  The  re¬ 
sults  of  Fig.  6  confirm  this  proportionality  for  sodium 
which  was  also  obtained  for  water  in  the  previous  mea¬ 
surements.  However,  in  contrast  to  water,  the  decay  of 
maximum  maan  temperature  in  sodium  is  dependent  on  the 
Reynolds  number  due  to  the  influence  of  the  molecular 
diffusivity  which  can  be  derived  also  from  Eq.  (7). 

On  the  left  hand  side  of  Fig.  7  the  measured  tempe¬ 
rature  fluctuation  intensity  profiles  are  shown  at  the 
distance  x/d  *  28  for  sodium  and  water.  These  profiles 
are  used  as  initial  conditions  for  Eq.  (13).  On  the 
right  hand  side  of  the  figure  the  measured  and  calculated 
profiles  are  compared  at  the  distance  x/d  "  97.  The 
radial  spread  of  the  profiles  for  sodium  is  seen  to  be 
larger  than  for  water. 

The  measured  and  calculated  axial  decay  of  tempera¬ 
ture  fluctuations  is  shown  in  Fig.  8.  The  axial  decay 
exponents  of  the  maximum  of  the  square  of  temperature 
fluctuation  intensities  5^  are  evaluated  from  the  mea¬ 
surements  shown  in  this  figure.  For  Re  •  308  000  a  decay 
exponent  m  ■  -1 . 7  and  for  Re  ■  154  000  a  decay  exponent 
a" -2.0  are  obtained  in  sodium  flow  compared  to  m«-I.O 
for  both  Reynolds  numbers  in  water.  The  power  laws  « x“ 
are  valid  for  axial  distances  of  about  x/d  >  20  from  the 
jet  block.  The  axial  decay  of  the  temperature  fluctua¬ 
tions  in  sodium  is  consequently  much  more  rapid  and  un¬ 
like  for  water,  is  Reynolds  number  dependent  too. 
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FIG.  6  AXIAL  DECAY  OF  THE  MAXIMUM  MEAN  TEMPERATURE  -  IN 
SODIUM  AND  WATER  -  COMPARISON  OF  MEASURED  AND 
CALCULATED  DATA. 

In  order  Co  obtain  some  check  on  the  quality  of  the 
temperature  fluctuation  measurements ,  a  spectral  analysis 
was  performed  of  the  signals.  The  spectrum  of  Fig.  9  it 
typical  and  indicates  that  the  thermocouples  with  a  cut¬ 
off  frequency  of  above  40  Hs  are  only  juat  adequate.  Very 
little  change  in  the  spectra  was  noted  with  changing 
downstream  distance. 

Since  a  key  aspect  of  the  model  used  is  the  adoption 
of  parameters  determined  in  a  water  flow  some  check  on 
the  velocity  parameters  should  be  attempted.  Fig.  10 
shows  the  decay  of  streaearise  turbulence  in  water  and 
sodium.  Ideally  these  two  results  should  have  been  iden¬ 
tical.  At  this  stage,  the  sodium  resulcs  must  be  treated 
with  caution  as  they  would  most  likely  have  been  affected 
by  lack  of  spatial  resolution  of  the  miniature  electro¬ 
magnetic  probe.  In  fact,  near  the  jet  block,  turbulence 
scales  will  be  smaller  than  further  downstream.  This 
could  be  the  reason  for  the  smaller  slope  of  the  inten¬ 
sity  curve  as  well  as  its  generally  lower  overall  level. 

DISCUSSION  OF  RESULTS 

A  general  discussion  and  comparison  of  the  model 
developed  relative  to  existing  turbulence  models  has  al¬ 
ready  been  presented  by  Krebs  et  al.  (1981).  Additional 
comments  with  the  aid  of  the  results  in  sodium  are  now 
warranted.  The  factor  A  in  Iq.  (6)  is  proportional  to 
velocity  if  it  is  assumed  that  the  turbulence  intensity, 
Eq-  ()•)>  and  the  integral  length  scale,  Eq.  (5b),  are 
independent  of  Reynolds  number.  For  isotropic  turbulence, 
Ninas  (1975)  shews  from  theoretical  considerations  that 
both  have  a  Reynolds  number  dependence.  For  the  small 
range  of  Reynolds  maAsre  used  in  the  present  work,  this 
dependence  could  not  be  detected  which  is  consistent  with 
other  experimental  evidence  behind  grids  as  cited  by 
Rinse  (1975). 

Available  seperimentsl  data  for  the  flow  downstream 
of  the  jet  block  are  censietent  with  the  model  derived 
except  that  the  value  of  A  required  for  solution  of  Eq. 
(7)  cm  only  roughly  be  transferred  from  the  water 
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experiments  to  those  in  sodium.  In  view  of  the  turbulence 
intensity  measurements  of  Fig.  10  which  show  that  the 
turbulence  levels  in  sodium  could  be  lower  at  a  given 
x/d  then  in  water,  it  is  preferred  to  doubt  this  aspect 
rather  than  Che  basic  model  and  its  various  assumptions. 
The  dashed  line  in  Fig.  10  representing  the  equation 
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shows  how  little  change  from  the  measured  intensities 
would  be  required  in  order  to  remove  this  discrepancy. 
Unfortunately,  clarification  of  this  aspect  will  have  to 
await  the  development  of  a  velocity  sensor  with  better 
spatial  resolution  or  the  repeat  of  the  whole  experimen¬ 
tal  program  with  a  much  larger  geometry.  If  the  integral 
scale,  Lf,  is  also  affected  by  the  change  from  water  to 
sodium,  then  the  validity  of  the  present  model  could  be 
further  enhanced. 

The  assumption  that  the  eddy  diffusivity  of  heat, 

Og,  and  the  eddy  diffusivity  of  the  temperature  fluctua¬ 
tions,  a,  are  equal  was  introduced  with  more  formal  than 
physical  arguments.  The  present  results  do  not  permit 
further  insight  to  be  gained  but  it  is  noteworthy  that 
except  for  a  constant,  this  is  in  agreement  with  Launder 
(1976). 

Other  assumptions  contained  in  the  development  of 
Che  temperature  fluctuation  equation,  Eq.  (13),  are  the 
relation  between  the  velocity  and  temperature  micro¬ 
scales,  Eq.  (II),  and  that  x|  «  vx/TT.  These  are  in  agree¬ 
ment  with  theoretical  predictions  for  isotropic  turbu¬ 
lence,  Hinze  (1975).  Assuming  the  same  decay  exponent 
ni  •  -5/3  for  the  turbulence  square  u7  in  water  and  in 
sodium,  the  dissipation  of  the  temperature  fluctuations 
changes  with  the  decay  exponent  m  of  6^.  Different  values 
of  a  were  obtained  for  water  and  sodium  and  in  the  case 
of  sodium  for  different  Reynolds  numbers  too.  Up  to  now 
Che  decay  exponent  m  can  not  be  predicted  as  a  function 
of  Prandtl  and  Reynolds  numbers.  Further  investigations 
are  necessary  to  define  this  correlation.  Calculating 
the  dissipation  of  temperature  fluctuations  with  the 
measured  values  of  a  and  the  constant  BE/U  *  3.7  which 
was  derived  from  the  water  experiments,  a  remarkable  fit 
was  achieved  for  measured  and  calculated  profiles  of  tem¬ 
perature  fluctuation  intensities.  Consequently,  the  fac¬ 
tor  B^  in  Eq.  (I^b)  will  be  proportional  to  the  stream 
velocity,  or  B£/U  takes  on  the  form  of  a  universal  con¬ 
stant.  Present  results  appear  to  confirm  this  conclusion. 
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ABSTRACT 

The  interference  of  two  (and  more)  thermal  line 
sources  in  decaying  grid  turbulence  is  studied  by  using 
the  inference  method  described  by  Uarhaft  (1981)  to 
determine  the  cross-correlation  coefficient  p  between 
two  sources.  The  evolution  of  p  as  a  function  of 
downstream  distance,  for  0.075<d/t<10,  where  d  is  the 
wire  spacing  and  t  is  the  length  scale  of  the 
turbulence,  is  determined  for  a  pair  of  sources  located 
at  various  downstream  distances  from  the  grid  (x0/M 
varying  from  5  to  60  where  x^,  is  the  distance  of  the 
sources  from  the  grid  and  M  is  the  grid  mesh  length). 

It  is  shown  that  a  mandoline  (Uarhaft  and  Lumley,  1978) 
any  be  thought  of,  in  a  more  fundamental  way,  as  the 
interference  of  a  number  of  line  sources.  Thus  new 
light  is  shed  on  the  rate  of  decay  of  scalar 
dissipation.  New  data  for  the  thermal  field  very  close 
to  a  line  source  is  also  presented.  Full  details  of 
the  work  described  here  will  appear  in  Uarhaft  1983. 

INTRODUCTION 

The  mixing  of  passive  scalar  contaminants  in 
turbulence  continues  to  be  an  active  area  of  research 
both  because  of  its  practical  importance  in  such  areas 
as  pollution  dispersion  and  chemical  reactions  and 
because  it  is  a  fundamental,  clearly  defined,  yet 
unsolved  problem  (even  for  a  completely  determined 
velocity  field).  One  of  the  simplest  ways  of  Injecting 
a  scalar  into  a  turbulent  field  is  by  means  of  placing 
a  fine  heated  wire  in  the  flow.  If  the  wire  is  fine 
enough  and  if  the  wire  over-heat  is  small  enough 
neither  the  wire's  physical  presence  nor  Che  resultant 
thermal  wake  will  change  the  background  velocity 
field,  le.,  Che  resultant  scalar  field  will  be  a 
passive  contaminant.  Important  experiments  concerning 
Che  spreading  race  of  both  the  mean  and  fluctuating 
thermal  field  for  such  a  line  source  have  been 
previously  carried  out  by  Uberol  and  Corrsin  (1953)  and 
by  Townsend  (1954)  although  these  workers  have  not 
concerned  themselves  with  the  thermal  field  in  the 
immediate  vicinity  of  the  source. 

The  Interference  of  two  or  more  passive  thermal 
wakes  downstream  of  parallel  line  sources  is  an 
Important  and  non-trlvlal  extension  of  the  case  of  a 
single  source.  The  way  these  line  sources  mix  will  be 
a  function  of  their  spacing  and  the  length  scale  and 
intensity  of  the  turbulence.  Experimental  knowledge  of 
this  mixing  is  important  In  testing  two  particle 
dispersion  theories  such  as  that  recently  developed  by 
Durbin  (1980)  (see  also  Sawford  1983).  Furthermore,  a 
study  of  the  interaction  of  multiple  line  sources 
should  provide  deeper  insight  into  Che  problem  of 
scalar  variance  dissipation:  the  mandoline  used  by 
Uarhaft  and  Lumley  (1978)  consists  of  an  array  of 
parallel  wires  and  the  non-unique  value  of  the  scalar 
dissipation  rate  observed  in  that  study  was  due  to 


variations  in  the  spacing  (and  downstream  location  from 
the  grid)  of  the  mandoline  wires. 

If  we  consider  two  line  sources  located  in  a  tur¬ 
bulent  flow  (decaying  grid  turbulence  for  the  situation 
to  be  studied  here)  the  resultant  temperature  variance 
will  be 

e2  -  (»!  +  8Z)2  -  9j 2  +  e22  +  2p/6j2  /e22  (l) 

where  flj  and  62  are  the  thermal  fluctuations  produced 
by  each  wire  and  p  is  the  cross-correlation  coefficient 
between  the  fluctuations  produced  by  each  wire. 

Uarhaft  (1981)  has  shown  (for  two  distributed  line 
sources)  that  p  may  be  inferred  by  operating  each 

thermal  source  separately  (thus  determining  6j2  and 

B22)  and  then  both  together  (determining  82).  Equation 
1  may  then  be  solved  for  p.  Here  this  inference  method 
is  used  to  study  the  interference  of  two  parallel  line 
sources  placed  in  a  plane,  parallel  to  and  downstream 
from,  the  grid  (fig.  1). 

Equation  1  can  also  be  extended  to  examine  Che 
interference  of  multiple  line  sources.  Here  the 
relation  for  the  temperature  variance  is 

82  ■  6|2  +  822. . . .  +-  2p|2^8j2/822  +  +...(2) 

Equation  2  shows  that  for  a  mandoline  (a  parallel  array 
of  evenly  spaced,  heated  wires)  the  evolution  of  the 
temperature  variance  is  solely  a  function  of  the 
temperature  variance  of  each  wire  and  p.  The 
Interference  of  multiple  line  sources  is  also  described 
hers. 

APPARATUS 

The  experiment  was  carried  out  in  a  vertically 
orientated  wind  tunnel  (Uarhaft  1981)  with  a  test 
section  of  170  mesh  lengths  (M»0.025m)  and  cross 
section  of  16  X  16  mesh  lengths.  The  grid  was  a 
blplanar  arrangement  of  0.476  cm  square  section  brass 
rods;  the  solidity  was  0.34.  The  thermal  line  sources 
were  nichrome  wire  of  0. 127en  diameter  (and  for  some 
experiments  0.203mm).  Thus  the  (cold)  wire  Re  was  57 
(and  sometimes  91).  However  for  Che  study  of  the 
thermal  field  very  close  to  the  heated  wire,  <8M, 
0.025ms  diameter  platinum  wire  was  used.  For  this 
case,  the  cold  wire  Re  was  11.  Care  was  taken  to  align 
the  wire  of  the  probe  parallel  to  Che  heated  line 
source  in  order  to  avoid  resolution  problems.  For  x'/M 
grester  than  about  10,  where  x'  is  the  distance  from 
the  thermal  source  (placed  at  x,,)  (fig.  1) 
experiments  show  (Uarhaft  1983)  that  the  spreading  rate 
of  the  mean  and  variance  of  the  thermal  field  is 
Independent  of  wire  diameter  for  (at  least)  the 
Reynolds  number  range  39  to  280. 


%  *» 


Grid  Wirts  Probe 


Fig.  1.  Sketch  of  wind  tunnel  showing  two  hested 
wires.  When  two  or  more  heated  wires  are  used  the 
transverse  direction  y  (through  which  the  probe  Is 
aoved)  is  measured  from  the  midpoint  between  the  two 
central  wires.  For  experlaents  with  one  wire  only 
(figs.  2,  3  and  4)  the  transverse  direction  y'  is 
aeasured  froa  the  wire  Itself. 
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Fig.  2.  Half  width  of  the  aean  teaperature  wake  behind 
a  single  wire  (left  hand  axis)  and  center-line 
(peak)teaperature  of  the  aean  teaperature  (right  hand 
axis)  (a),  x'/M<8,  0.025™  heated  wire,  (b)  x'/K>8, 
0.127™  wire.  Open  circles  are  for  peak  teaperature, 
filled  circles  and  crosses  are  for  the  half  width. 

The  thermal  wakes  were  aeasured  by  Mans  of 

conventional  theraocouples  and  fast  response  resistance 
theraoMters.  Thv  thermal  fields  were  transversed  In 
the  y  direction  by  Mans  of  a  precision  traversing 
Mchanlaa  and  stepping  tutor. 

RESULTS 

The  Man  velocity,  U,  was  set  at  7  a/s  and  the 
velocity  variance,  u2,  was  found  to  follow  the  relation 
u2/V2  -  0.121  (x/M)"1**  (3) 

Single  line  source 

Figure  2  shows  the  evolution  of  the  Man 
center-line  teaperature,  as  well  as  the  half  width  of 
the  Man  profile,  for  a  single  wire  placed  at 
XQ/MV32.  The  Man  profiles  were  Gaussian;  the  half 
width  Is  defined  as  half  the  width  of  the  profile  when 
Its  level  Is  502  of  the  Mxlaua  (center  line  value). 

The  standard  deviation  for  a  Gaussian  profile  Is  0.849 
tines  the  half  width.  The  ordinate  y'/M  refers  to  the 
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Fig.  3.  ms  temperature  profiles  normalized  by  the 
center-line  tas  values. 


lateral  distance  froa  the  line  source  (fig.  1).  Up 
until  8  M,  le,  approximately  until  the  end  of  the 
linear  spreading  region,  the  fine  (0.025mm)  wire  was 
used;  thereafter,  in  order  to  produce  a  larger  signal, 
the  0.127™  wire  was  used.  The  curves  match  well.  The 
power  In  the  fine  wire  was  4.4  watt/Mter,  that  In  the 
thicker  wire  was  45  watt/meter.  The  form  of  the  curves 
Is  slailar  to  that  observed  by  Uberol  and  Corrsin 
(1953).  Note  that  the  product  of  the  half  width  and 
the  peak  (canter  line)  teaperature  should  be  constant 
for  a  particular  wire  heating,  as  Is  observed. 

Figure  3  shows  the  evolution  of  the  rms  0 
profiles,  normalized  by  their  center  line  values,  as  a 
function  of  x'/M.  As  for  fig.  2  the  0.025m  wire  was 
used  until  x'/M«8.1,  thereafter  the  0.127mm  wire  was 
used.  Notice  that  until  approximately  x'/M«l.8  the  rms 
profiles  are  double  peaked.  The  length  of  the  arc  of 
the  flapping  of  the  heated  wake  Is  comparble  to  its 
(aoleculsr  diffusive)  spreading  width  for  small 
distances  froa  the  source.  Thus  the  largest  gradients 
in  temperature,  and  hence  the  highest  values  of  rms  0 
will  occur  off  the  center  line,  producing  the  double 
peak.  After  about  x'/M«1.8,  the  profiles  become  single 
peaked.  However  as  will  be  shown  in  Warhaft  1983  (see 
also  fig.  5  below),  if  the  thermal  source  is  placed 
closer  to  the  grid  (x„/tK20)  a  double  peak  re-emerges 
far  downstream. 

The  evolution  of  0  rms/T  (center  line  values)  Is 
shown  in  figure  4(a).  (for  clarity  the  horizontal  axis 
has  also  been  amplified  ten-fold  for  the  data  points  up 
to  x'/M«8).  The  peak  of  0  rms/T  is  at  about  x'/M-lO 
(ie.  approximately  the  end  of  the  linear  spreading 
region).  Thereafter  it  appears  to  asymptote  to  a  value 
of  about  0.7.  This  Is  consistent  with  the  values  far 
downstream  from  the  source  observed  by  Uberol  and 
Corrsin  (1953).  The  lower  graph  (fig.  4b)  shows  the 
evolution  of  the  half  width  (50X  if  the  center  line 
value)  of  the  rms  profiles  of  fig.  3.  Note  that  this 
half  width  is  considerably  larger  than  the  mean  profile 
half  widths. 


o  20  40  60  SO  100 


Fig.  4.  (a)  rms  8/mean  T,  center  line  values.  For 

clarity,  the  horizontal  axis  has  also  been  amplified 
ten-fold  for  the  data  points  up  to  x'/M«8.  (b)  ras  S 

profile  half  width. 


Fig.  5.  Bottom  graphs  show  ras  6  profiles  for  a  pair 
of  wires  operating  separately  (1  and  2)  and  together 
(B).  Top  graphs  show  p,  inferred  froa  graphs  such  as 
the  bottom  ones,  for  various  d  and  x'/M.  All 
horizontal  axes  arc  y/M.  Hires  are  at  Xq/M  *  20. 


Fig.  6.  p  vs.  x'/M  for  experiments  such  as  shown  in 
fig.  5.  p  is  for  the  midpoint  between  the  wires  (y«0, 
fig.  1).  The  numbers  are  the  wire  spacing,  d(mm). 
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Fig.  7.  Re-plot  of  fig.  6.  p  vs.  d  (wire  spacing)  for 
various  values  of  x'/M  (labeled  on  the  graph). 


Comparison  of  spreading  rates  of  ras  and  aean 
profiles  for  values  of  Xq/M  other  than  52  will  be 
given  in  Warhaft  1983. 


two  line 

sources.  Fig.  5  (lower  curves)  shows  soae  examples  of 
ras  6  profiles  for  two  wires  (placed  at  Xg/M  ■  20) 
for  different  wire  spacings  and  for  the  probe  placed  at 
different  locations  from  the  sources.  The  integral 
scale,  t,  for  Xg/M  •  20  is  1.02  X  10~2a.  Curves  1 
and  2  are  for  each  wire  operating  aeparately,  curve  B 
Is  for  each  wire  operating  together.  Froa  such 
profiles,  the  upper  curves  of  figure  5  were  obtained  by 
solving  equation  1  for  p.  These  curves  show  the 
variation  of  p  as  the  field  Is  traversed  in  che  y 
direction  for  a  particular  value  of  x'/M.  Notice  that 
the  curves  have  distinct  alnlaa  at  the  points 
Intermediate  between  the  two  wires  (y  •  0,  fig.  1). 

From  such  families  of  curves  at  other  x'/M  and  other 
spacings  fig.  6  was  produced.  These  correlation 
coefficients  are  for  the  probe  location  at  y  *  0,  for 
various  values  of  d  and  x'/M.  Hires  are  at  Xg/M  -  20. 

The  evolution  of  c  Is  clearly  a  function  of  d  (or 


The  Interference  of  Multiple  Line  Sources 
~  He  consider  first  the  Interference  of 


more  generally  d/1,  see  below).  For  very  small  d  the 
cross  correlation  coefficient  rapidly  Increases  from  -1 
close  to  the  wires  to  a  value  close  to  41.  (The 
evolution  of  p  for  very  small  d  and  small  x'/M  Is 
described  In  Warhaft  1983.)  Close  to  the  wires  the  two 
wakes  are  separate  and  thus  p  should  be  -1  since  the 
probe  senses  one  wake  or  the  other  but  not  both  at  the 
same  time  nor  the  ambient  air.  However  as  the  wakes 
merge  together,  p  rises  to  a  value  of  +1  (when  they  are 
completely  mixed).  For  slightly  larger  d,  this  merging 
process  occurs  at  a  slower  rate.  For  large  d,  (the 
affect  Is  clear  for  d>8mm)  p  first  decreases  and  then 
begins  to  Increase.  For  these  cases  the  sensor  may 
Initially  sample  one  wake  or  the  other  (but  not  both). 
However  It  will  mainly  be  sampling  ambient  air  and  p 
will  be  close  to  zero.  As  the  two  wakes  begin  to 
broaden  (le.  as  x'/M  increases)  less  of  the  time  will 
be  spent  sampling  ambient  air  and  the  negative 
correlation  will  build  up  and  should  approach  -1  as 
only  one  wake  or  the  other  Is  sampled.  However  mixing 
of  the  two  wakes  will  also  begin  to  occur  and  this  has 
the  effect  of  reversing  the  negative  trend  In  p;  the 
mixing  will  drive  p  to  *-1  as  for  the  small  d  case. 
Notice  that  for  d>S0tn  only  the  Initial  decrease  in  p 


Fig.  8(a) 


Fig.  8(b) 


Fig.  8.  o  vs.  normalized  (convective)  time  (x  /d)  (u/U)  for  pairs  of  wires  located 
at  x0/M»5,  20,  42,  52  and  60.  1  is  calculated  at  the  x0/M  location  of  the  vires. 

8(a),  d/l  varying  from  0.075  to  1.  8(b),  d/l  varying  from  2  to  10. 


is  observed.  Also,  for  these  larger  d,  no  meaningful 
value  of  p  could  be  determined  for  small  x'/M  since 
there  was  no  over-lap  of  the  rma  profiles. 

The  effect  of  varying  d  but  holding  the  probe  at  a 
particular  downstream  location  Is  shown  In  fig.  7  which 
is  a  re-plot  of  fig.  6.  As  the  wire  separation  is 
increased  p  decreases  froa  its  initial  value  near 
unity,  however  this  trend  reverses  for  large  separa¬ 
tion,  for  the  reason  described  above.  Note  that  as 
x'/M  decreases,  the  reversal  occurs  for  saaller  d,  as 
would  be  expected. 

The  evolution  of  the  cross  correlation  coefficient 
p  is  a  function  of  u/U,  l,  d  and  x'  (in  Harhaft  1983  it 
Is  shown  that  the  wire  diameter  Itself  plays  no  role). 
Measurements  of  p  such  as  those  shown  in  figs.  6  and  7 
were  done  for  the  pairs  of  wires  placed  at  Xq/M-5, 

42,  52  and  60  as  well  as  Xo/M>20.  Thus  u/U  and  t 


(the  turbulence  intensity  and  integral  scale 
respectively,  determined  at  the  location  of  the  wires) 
as  well  as  x'  and  d  were  varied.  Figure  8  summarizes 
the  results  of  these  experiments.  The  two  dimension¬ 
less  variables  chosen  have  been  d/1  and  (x'/d)(u/U). 
This  later  variable  may  be  thought  of  as  the  time  to 
the  probe  (x'/U)  non-dimensionalized  by  a  lateral 
convective  tine  scale  (u/d).  (Note  that  the  turbulence 
is  close  to  isotropic;  u.w).  The  collapse  of  the 
data  points  is  remarkable.  The  task  of  relating  these 
curves  to  various  turbulence  models  is  described  in 
Warhaft  1983.  Notice,  of  course,  that  the  form  of  the 
curves  are  similar  to  fig.  6. 

Finally  we  show  how  a  mandoline  may  be  synthesised 
from  a  number  of  parallel  line  sources.  Figure  9a 
shows  ti’C  individual  rms  6  profiles  for  four  line 
sources  located  at  Xq/M-20,  with  wire  spacing  1  M. 

Also  shown  on  the  figure  is  the  effect  of  operating  the 
line  sources  in  various  combinations,  as  well  as  the 
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Tig.  9.  Top  graph,  rms  6  profiles  measured  at  x'/M-63 
for  various  combinations  of  four  heated  wires  (labeled 
on  the  graph)  spaced  1  H  apart  and  located  at 
xo/M-20.  The  transverse  locations  of  the  wires  are 
y/M-  -1.5,  -0.5,  +  0.5  and  +  1.5.  Left  hand  axis  Is 
for  the  various  combinations  (wire  2  +  wire  3  etc. ) , 
right  hand  axis  Is  for  the  rms  profiles  of  each  wire 
(1,2,3  and  4)  operating  separately.  Bottom  graph  shows 
P  Inferred  from  the  top  graph.  Dots,  pairs  of  wires  1 
M  apart  (wires  1  &  2,  2  &  3,  3  &  4)  triangles,  pairs  2 
N  apart  (wires  143,  244)  open  circles,  the  pair  of 
wires  1  and  4  (3  H  apart). 


20  30  SO  ©0  200 

•/M  ,  sa/M 


rig.  10.  S2  decay  for  a  mandoline  (wires  1  M  spacing) 
at  Xo/M'20.  Crosses,  82  vs.  x/M;  dots,  82  vs. 

x'/M.  The  circled  cross  and  dot  shows  the  value  of  S2 
for  only  four  wires  of  the  mandoline  operating  (figure 
9). 


value  of  rms  6  If  no  Interference  were  present  (p-0, 
equation  1).  Note  that  If  extra  wires  were  added  to 
the  set  (placed  1  N  apart)  for  this  downstream  location 
(x'/M»63)  the  center  line  (y/M-0)  value  of  the  total 
rms  8  would  hardly  be  effected  because  the  spread  of 
the  rms  profile  would  be  Insufficient  to  reach  y-0 
(consider  the  addition  of  wire  5  placed  at  y/M  -2.5 
for  example).  Thus  the  mandoline,  for  this  x'/M,  can 
be  considered  of  consisting  of  four  Interfering  wires 
only.  (Closer  to  the  source  less  wires  will  be  needed, 
further  away,  more).  Fig.  9b  shows  the  cross 
correlation  profiles  for  the  data  of  fig.  9a.  From 
these  and  the  Indivldial  rms  profiles,  equation  2  could 

be  solved  for  82.  Fig.  10  shows  the  decay  of  82  for  a 
full  mandoline  (all  wires  operating).  Also  shown  Is 

the  value  of  82  for  x'/M»63  (figure  9a).  It  is  clear 
that  the  interference  of  four  wires  at  this  location 
produces  the  same  variance  as  a  full  mandoline. 
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ABSTRACT 

The  flow  considered  is  the  thermal  wake  downstream 
of  a  fine  heated  wire  in  grid  turbulence.  The 
inability  of  general ly-appllcable  turbulent  diffusion 
models  and  second-order  closures  to  calculate  the  mean 
and  variance  of  the  temperature  Is  reviewed. 
Calculations  based  on  the  transport  equation  for  the 
joint  probability  density  function  (pdf)  of  velocity 
and  temperature  show  good  agreement  with  measurements 
of  mean  temperature  but  not  with  those  of  the 
variance.  Better  calculations  of  the  variance  are 
obtained  with  a  method  based  on  the  joint  pdf 
conditional  on  the  lateral  velocity  at  the  source. 

INTRODUCTION 

The  thermal  wake  downstream  of  a  heated  wire  in 
grid  turbulence  has  been  the  subject  of  several 
experimental  (  J_-4)  and  theoretical  studies  (5-10.  for 
example).  The- flow  is  of  fundamental  theoretical 
Importance  and  la  also  relevant  to  the  practical 
problem  of  the  dispersion  of  heat  and  pollutants  In  the 
environment  (11). 

In  comparison  to  free  shear  flows  ■■  -  ■  jets, 
wakes,  mixing  layers  ■  the  thermal  wake  appears 
simple:  the  mean  velocity  is  uniform  and  the 
turbulence  la  Isotropic.  But  turbulence  models  that 
are  applicable  to  free  shear  flows  (e.g.  k-c  and 
Reynolds-stress  models)  produce  qualitatively  Incorrect 
results  for  the  thermal  wake  (9).  This  Is  because  the 
thermal  wake  thickness  o  Is,  initially,  much  smaller 
than  the  Integral  length  scale,  and  because  we  are 
Interested  In  the  wake  at  convection  times  chat  are 
much  smaller  than  the  integral  time  scale  of  the 
turbulence. 

In  this  work,  the  thermal  wake  is  studied  using 
velocity-temperature  joint  pdf  transport  equations 
(12.13).  It  is  found  that  the  standard  (unconditional) 
pdf  method  is  successful  in  calculating  the  mean 
temperature  field,  but  not  the  tenperature  variance.  A 
second  method  -  ■  based  on  the  joint  pdf  conditional 

on  the  lateral  velocity  at  the  heated  wire  -  is 

successful  In  calculating  the  normalised  variance 
profiles  and  calculatas  the  abeolute  magnitude  of  the 
variance  to  within  a  factor  of  two.  This  level  of 
accuracy  Is  comparable  with  that  obtained  using 
two-partlcle  dispersion  models  (4). 

THERMAL  HAKE 

The  thermal  wake  is  sketched  on  Fig.  1.  A  fine 
heated  wire  of  diameter  d  Is  placed  normal  to  the  flow, 
a  distance  Xq  downstream  of  a  turbulence-generating 
grid  of  mesh  else  M.  The  mean  velocity  U  is  uniform 
and  the  turbulence  intensity  normal  to  the  flow  and  the 
wire  is  found  to  vary  according  to  the  power  law: 


<w2>/U2  -  A(x/M)*®  .  (1) 

In  the  measurements  of  Warhaft  (3)  — —  with  which  the 
calculations  are  compared  —  the  conditions  are: 

U  -  7.0  m/s,  M  -  25  mm,  Xo/M  -  52,  A  -  0.0714, 
m  ■  1.32,  d  •  0.025  ran  (for  measurements  up  to  x„/M  • 
8.1),  and  d  •  0.127  m  (for  measurements  beyond 
Xy/M  ■  8.1). 

The  wire  is  intended  to  be  sufficiently  fine  that 
it  does  not  significantly  affect  the  mean  or 
fluctuating  velocity  field.  Although  the  wire  is  quite 
hot,  the  excess  temperature  rapidly  falls  to  a  few 
degrees  Celsius.  Thus,  except  in  the  immediate 
vicinity  of  the  wire,  the  excess  temperature  is  a 
conserved,  passive  scalar. 

The  principal  quantities  of  interest  are  the  mean 
<♦>  and  variance  <d'2>  of  the  normalized  excess 
temperature  ♦(x,t).  (Angled  brackets  and  primes  denote 
means  and  fluctuations  about  the  mean,  respectively.) 

At  any  distance  x*  downstream  of  the  source  (i.e.  the 
heated  wire),  the  profile  of  <♦>  is  found  to  be 
Gaussian  (_l_-4) , 

<4(xw,z)>  •  (o/2»)-1exp(-  i-  z2/o2)  .  (2) 

m 

The  integral  /  <q(xw,z)>dz  is  a  conserved  quantity,  and 
F  is  normalized  so  that  this  integral  is  unity. 

Profiles  of  <*2>  (but  not  of  <$'2>)  also  appear  to  be 
Gaussian  (4). 

There- is  an  anology  (1)  between  the  thermal  wake 
and  the  temperature  field  resulting  from  the 
instantaneous  production  (at  time  t-0 )  of  an  excess 
temperature  distribution  along  the  plane  z«0.  Thermal 
wake  statistics  at  (x„,z)  are  similar  to  those  at 
(t,z)  resulting  from  the  plane  source,  where  t  • 
xv/U.  The  analogy  depends  upon  the  turbulence 
intensity  <u2>l/*/U  being  small  and  mean  axial 
gradients  being  small  in  comparison  with  lateral 
gradients.  In  common  with  previous  work,  our 
calculations  are  of  the  statistically  one-dimensional, 
time  dependent  evolution  of  the  temperature  field  from 
the  plane  source  in  decaying  homogeneous  turbulence. 

The  results  at  time  t  are  compared  with  the  thermal 
wake  data  of  Warhaft  at  xw  -  Ut.  (Henceforth  t  is 
used  interchangeably  with  x„/U). 

PREVIOUS  WORK 

Mean  Temperature 

A  theory  should  predict  a  Gaussian  mean 
temperature  profile  (Eq.  2)  and  should  determine  the 
evolution  of  the  width  of  the  profile  o(t).  In  high 
Reynolds-number,  non-decaying,  homogeneous  turbulence, 
there  are  three  regimes: 


m 


Molecular  diffusion,  t«r/<w2>:  o2«2rt. 

Turbulent  convection,  I7<v2X<t<<T:  o2»<w2>t2. 


Turbulent  diffusion,  t»t: 


o2-2rtt. 


Here  T  is  the  theraal  diffuslvlty,  t  Is  the  Langrangian 
Integral  tine  scale,  and  rt  is  the  turbulent 
diffusion  coefficient,  Taylor  ( 5.)  neglected  molecular 
diffusion  and  obtained  an  expression  for  o  in  terms  of 
the  Lagranglan  velocity  autocorrelation  function.  This 
expression  (which  can  readily  be  generalized  to  the 
case  of  decaying  turbulence  (4_) )  correctly  accounts  for 
the  turbulent  convection  and  diffusion  regimes.  The 
effect  of  molecular  diffusion  is  siisply  to  Increase  o2 
by  2Tt  (2_), 

The  exact  equation  for  the  mean  of  4  is 


Turbulence  models  attempt  to  approximate  the  scalar 
flux  <w4>  so  that  Eq.  3  can  be  solved  for  <4>. 

Turbulent  diffusion  models  (mixing  length,  k-e 
etc.)  approximate  the  scalar  flux  by 


<*4>  -  -T. 


As  their  name  implies,  these  models  are  applicable  only 
to  the  turbulent  diffusion  regime:  early  on  (t<<t) 
they  predict  far  too  rapid  spreading.  For  example, 
according  to  the  k-e  model  (see  e.g.  14)  the  turbulent 
diffusion  coefficient  la 


—  k2/e. 


where  k  is  the  turbulent  kinetic  energy  (k  »  3/2  <w2> 
in  isotropic  turbulence)  and  e  la  the  rate  of 
dissipation 

e  -  -dk/dt.  (6 

The  model  constants  are  taken  to  be  Cy  •  0.09  and 
Of  •  0.7.  With  the  turbulence  decaying  according  to 
Eq.  1,  the  k-c  model  yields  (neglecting  molecular 
diffusion) 

t  3AM2 C  (2-m)  x  (2-m) 

o2  -  /  21*  (t')dt'  .  i  {(I)  -  (-£)  }.  (7 

o  c  m(2-m)o,  M  M 


On  Fig.  2,  the  broken  line  shows  this  predicted 
evolution  of  o  compared  to  Harhaft's  data 
(triangles).  It  may  be  seen  that  Eq.  7  is  qualitative¬ 
ly  and  quantitatively  Incorrect.  At  the  first  measure¬ 
ment  station,  the  calculated  width  is  over  three  times 
that  measured. 

Turbulent  diffusion  models  can  be  made  to  work,  by 
making  Tt  an  explicit  function  of  o  or  t  (9,10).  But 
such  ad  hoc  modifications  are  inconsistent  with  the 
principles  of  invariant  modelling  (15,16)  and  have 
little  general  utility. 

Second-order  closures  experience  the  sane  problem 
(7_,90.  The  correct  evolution  of  o  can  be  obtained  only 
by  modifying  the  transport  coefficient  for  the  third 
moment  <w24>  to  be  a  function  of  the  tenperature  field. 
Temperature  Variance 

The  exact  equation  for  the  variance  of  4  is 

«■  »<»♦'*>  .  r  -2<W4’>  !<♦>  -2c  ;  (8) 

it  it  ll‘  3z  ♦ 

where  the  scalar  dissipation  is 

«  (9) 

♦  i%i  »xt 


The  simplest  modelling  assumption  for  Is  that  the 
scalar-dissipation  time  scale  1/2<4,2>/c$  is 
proportional  to  the  mechanical-dissipation  time  scale 
k/e:  then  e^  is  given  by 

-  C  i  <4'2>s/k  .  (10) 

4  4  2 

The  data  of  Warhaft  and  Lumley  (17)  suggest  that  Ct 
is  not  a  universal  constant,  but  a  value  of  •  2.0 
is  commonly  employed  (e.g.  _12.  )• 

The  validity  of  Eq.  10  for  the  theraal  wake  can  be 
tested  rather  directly,  let  I(t)  be  the  Integral  of 
the  scalar  variance: 


I  i  /  <4 '2>dz  . 


Then,  from  Eqs.  3  and  8  and  the  knowledge  Chat  the 
profile  of  <4>  is  Gaussian,  we  obtain 


—  *  P  -  C  —  I 
dt  *  k 


PS  (lid  -  r)/(2oV7)  . 


It  may  be  noted  that  a  knowledge  of  o(t)  is  sufficient 
to  determine  the  production  term  P.  In  the  next 
section  a  model  that  accurately  determines  o  is 
described  (see  the  solid  line  on  Fig.  2).  Using  this 
result  (Eq.  A7)  ?(t)  was  evaluated  and  Chen  Eq.  12  was 
Integrated  numerically  to  yield  I(t).  The  result  is 
compared  with  Harhaft's  data  on  Fig.  3. 

It  may  be  seen  from  Fig.  3  that  with  the 
conventional  value  *  2.0,  the  calculated  integral 
variance  I  exceed  the  measured  value  by,  typically,  a 
factor  of  7  to  12.  With  the  higher  value  C*  »  4.0, 
this  range  is  reduced  to  4  to  7.  Since  o(t)  given  by 
Eq.  A7  agrees  extremely  well  with  the  data  (see  Fig. 

2),  the  only  significant  assumption  in  the  analysis  is 
the  modelling  of  the  scalar  dissipation,  Eq.  10.  The 
results  shown  on  Fig.  3  clearly  indicate,  therefore, 
that  this  model  is  grossly  in  error  for  the  thermal 
wake.  If  c^  were  determined  instead  from  a 
consistently-modelled  transport  equation  (16)  the 
result  would  be  little  different. 

In  light  of  these  observations,  Sykes,  Lewellen 
and  Parker  (7_)  replaced  Eq.  10  with  a  model  for  e*  in 
terms  of  a  scalar  length  scale,  for  which  a  modelled 
ordinary  differential  equation  was  solved.  They  were 
then  able  to  obtain  accurate  calculations  of  the  scalar 
variance,  including  the  effect  of  the  source  size. 

While  this  method  succeeded  for  the  case  considered, 
because  of  the  way  in  which  both  <w26>  and  are 
modelled,  the  model  does  not  appear  to  be  applicable  to 
the  general  case  (l.e.  more  than  one  transported  scalar 
(16).  or  more  than  one  source  (7)). 

A  completely  different  method  of  calculating  the 
temperature  variance  is  based  on  the  relative 
dispersion  of  two  fluid  particles  or,  better,  of  two 
molecules.  There  has  been  considerable  work  on  this 
method  recently  (see  8_  for  references)  culminating  in 
the  comparison  of  theory  and  experiment  by  Stapountzls, 
Sawford,  Hunt  and  Britter  (£).  The  mean  thermal  wake 
width  o(t)  is  calculated  to  within  experiment  error; 
the  variance  is  calculated  to  within  a  factor  of  two; 
and  normalized  variance  profiles  agree  well  with  the 
data. 

UNCONDITIONAL  PDF  METHOD 

Turbulent  diffusion  models  are  unsuccessful  in 
calculating  the  mean  wake  thickness  o(t)  because  the 
second  moment  <w4'>  is  approximated  by  a  gradient 
diffusion  model.  Similarly,  in  second-order  closures  a 
gradient-diffusion  model  is  used  for  the  third  moment 
<w24>  and  consequently  a  is  not  calculated  correctly. 
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tut  gradient-dif fusion  node It  can  be  entirely  avoided 
by  salting  uae  of  Che  velocity-scalar  joint  pdf 
equation. 

For  a  general  flow,  f(V,p;:c,t)  Is  the  probability 
density  of  the  joint  events  JKjtTt)  ~V  and  »Ot,  t)  • 

The  four  new  Independent  variables  V[,V2tV3,i(i  form  the 
veloclcy-tenperature  space.  An  exact  equation  for  the 
joint  pdf  can  be  derived  (12):  for  the  flow  under 
consideration,  the  equation  for  f(V^p;z,t)  Is 

r-  "  V3  r-  “  -  T7  |f<r’2*|v,*>}  -  1-  (f<a  |v,F>[,  (14) 

3t  3z  3p  1  3V^  11 


where,  for  any  function  Q,  <Q I V_, *>  Is  Che  expectation 
of  Q  conditional  upon  the  joint  events  JJ  *  and  q  ■  ip. 
The  fluid  particle  acceleration  Is 


32U, 


3x^3Xj 


1  3p_ 
P  3x, 


(15) 


where  v  Is  the  kinematic  viscosity  and  p  the  density. 

In  the  joint  pdf  equation  only  the  terns  on  the 
right-hand  side  need  to  be  modelled.  It  nay  be  seen 
that  the  convective  tern  V33f/3z  Is  In  closed  form  and 
hence  no  transport  model  Is  required.  Stochastic 
models  for  Che  terms  in  V2y  and  a^  have  been 
described  previously  (12,13).  The  joint  pdf  equation 
incorporating  these  models  can  be  Integrated  to  form 
transport  equations  for  the  scalar  flux  and  scalar 
variance : 

2 

—  <w*>  +  i.  <w2q>  +  <w2>  —  <♦>  -  r  -L—  <wq> 

3t  3z  3z  3z* 

-  -C  -  <wq>  ,  (16) 

D 


—  <pl2>  +  i_  <wd,2>  +  2<wq>  i-  <♦>  -  r  ~  <q’2> 

3t  3z  3z  3z 

-  -C .  -  <*'2>  .  (17) 
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These  equations  Illustrate  the  effect  of  the  model 
constants  which  were  chosen  to  be  Cg  •  2.9  and  C*  - 
2.0. 

The  modelled  joint  pdf  equation  was  solved  by  a 
Monte  Carlo  method  (13)  for  the  conditions  of  Warhaft's 
experiment.  The  proTTles  of  <♦>  were  found  to  be 
Gaussian  and  the  development  of  o(t)  (circles  on  Fig. 

2)  Is  In  excellent  agreement  with  the  data.  In 

hlgh-ftaynolds  number  decaying  turbulence  (<w2>  «  x^), 
o  can  be  expected  to  vary  as  /x^,  x^,  and  x^1-*^2\ 
respectively.  In  the  three  regimes  —  molecular 
diffusion,  turbulent  convection,  turbulent  diffusion. 
The  calculations  exhibit  the  correct  variations  In  the 
first  two  regimes,  and  are  consistent  with  the  third 
regime.  Neither  the  calculations  nor  the  measurements 
extend  far  enough  to  show  the  third  regime  distinctly. 

It  may  be  seen  that  the  equation  for  the  variance 
derived  from  the  modelled  pdf  equation  (Eq.  17)  Is  just 
the  exact  equation  (Eq.  8)  with  the  scalar  dissipation 
modelled  according  to  Eq.  10.  Consequently,  the  Inte¬ 
grated  variance  I(t)  obtained  from  the  pdf  equation  Is 
the  Sana  as  that  obtained  previously  (Eqs.  12-13,  Fig. 

3) ,  and  la  greater  than  the  measured  value  by,  typi¬ 
cally,  a  factor  of  7-12. 

Thus  this  unconditional  pdf  method  is  successful 
In  calculating  the  naan  spreading,  but  the  calculated 
variance  la  grossly  In  error. 

CONDITIONAL  FOF  METHOD 

In  order  to  obtain  more  accurate  calculations  of 
the  temperature  variance,  we  seek  a  more  complete 
statistical  description  of  the  thermal  wake.  In  the 
early  stages,  the  random  variable  that  Has  most 

Influence  upon  the  wake's  development  Is  w0  -  the 

lateral  velocity  at  the  source  at  time  zero: 


vo  =  w(x»0,t-0).  ( 18) 

Indeed,  at  very  early  times,  the  temperature  profile  Is 
completely  determined  by  w0.  It  is  a  laminar  wake  of 

thickness  /2Tt  that  has  been  convected  laterally  a 
distance  v0t. 

We  ahall  therefore  consider  statistical  quantities 

conditioned  on  w0  -  w  -  primarily  f  (V^  y|w;j:,  t ) , 

the  joint  probability  of  13”V_  and  *»\|/,  conditional  upon 
w0  £  w(x»0,t-0)  -  w.  The  unconditional  joint  pdf  (at 
any  it, tT  can  readily  be  recovered  by 

f(V,40  »  /  f(V^iti|w)g(w)du  ,  (19) 

where  g(w)  la  the  pdf  of  w0  which  (in  grid 
turbulence)  Is  known  to  be  Gaussian  (18): 

g(w)  -  — ;L—  exp(-  A  w2/<w2»  .  (20) 
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The  conditional  mean  profile  is 

4  £  <*|w>  -  //  (i  f(V,*|w)  dVd*  ,  (21) 

and,  again,  the  unconditional  mean  Is  recovered  by 

<♦>  -  /<^|w>g(w)dw  .  (22) 

(Here,  and  henceforth,  the  limits  of  integration  t  “ 
are  not  explicitly  indicated.  Note  also  that  4>  and 
(defined  below)  depend  on  w  as  well  as  on  jc,t). 

The  principal  virtue  of  this  approach  is  that 
fluctuations  in  6  can  be  decomposed  Into  two  parts: 
the  difference  between  conditional  and  unconditional 
means  ( ♦— <♦> 1,  and  fluctuations  about  the  conditional 
mean  S  4-j>.  The  unconditional  variance  can  then  be 
expressed  as 

<♦'*>  -  /  g(w)(*-<*»2di  +  /  g(w)  p2  dw  ,  (23) 

where  the  conditional  variance  Is 

♦  “*  £  <*"2|w>  -  <(♦-<* |w>)2|w>  .  (24) 

The  first  contribution  to  <6’2>  is  due  to  the 
meandering  or  flapping  of  the  wake  (6,4, )•  The  second 
contribution  is  due  to  fluctuations  about  the 
conditional  mean. 

The  exact  transport  equation  for  f  Is 

ii  +  V  ii-  -  -  L.  ( f <rv2 ♦  I v, ♦,«»>} 

3t  1  3XJ  3»  I 

'  '*'•»> I  •  <«) 

1 


Since  the  conditional  joint  pdf  contains  two-time 
Lagranglan  information,  the  modelling  of  the  condition¬ 
al  expectations  should  be  consistent  with  our  knowledge 
of  such  statistics  (19).  The  following  model,  which  is 
based  on  Langevln’s  equation  (20),  is  consistent  with 
Kolmogorov's  inertial  range  scaling  laws: 

<a  |V,*,;>  -  -  -  i—  <p|v,V,w> 

P  3xt  I 

-  l/2d  +CL)ifVi  "  <ui|->}  -CL«^-  <26> 

And,  according  to  Kolmogorov's  second  hypothesis,  Cl 
is  a  universal  constant. 

For  the  scalar  dissipation  term,  the  model 
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-  i_  if<r72*|v,n.,w>}  -  rv2f 

♦  €.  —  (?(*-♦>! /♦“*,  (27) 

♦  3* 

Is  exact  for  the  nean  and  variance  (although  it  may  be 
inaccurate  for  higher  moments).  And,  although  it 
proved  inapplicable  in  the  unconditional  case,  wm 
hypothesize  that  the  conditional  scaler  dissipation  can 
be  modelled  by: 

c  5  <111  Hli;>  -cl  t"2  c/k  .  (28) 

♦  3xt  3x  >  ♦  2 

Equations  25-28  could  bg  solved  (for  given  w)  by  a 
Monte  Carlo  method  to  yield  f.  Then  the  unconditional 
pdf  could  be  obtained  from  Eq.  19.  Instead  of 
following  this  approach,  we  obtain  (in  the  Appendix) 
approximate  analytical  solutions. 

The  conditional  mean  profile  of  $  is  Gaussian 


—  exp(-  —  (z-z)2/^2). 


Expressions  are  given  in  the  Appendix  for  the 
conditionally-expected  location  of  the  center  of  the 
wake  z(t)  and  its  width  o.  The  unconditional  wake 
thickness  o,  obtained  from  Eqs.  22  and  29,  la  shown  as 
the  full  line  on  Fig.  2.  Even  though  the  constant 
value  C[_  -  3.125  was  chosen  with  respect  to  this 
data,  the  agreement  over  the  whole  range  of  xw/M 
lends  support  to  the  modelling.  (Cl  ms  not 
determined  to  four  figures;  rather  the  quantity 
(2CL)1/2  -2.5  was  determined  to  two  figures.) 

He  now  turn  our  attention  to  the  determination  of 
the  unconditional  variance  <♦ ,2>.  As  previously 
mentioned,  Eq.  23,  <9'2>  can  be  decomposed  into  a 
contribution  from  the  wake  flapping 

<9,2>fl,p  *  Jg(S)(9-<9»2dJ  ,  (30) 

and  a  contribution  from  fluctuations  about  the 
conditional  mean 

<*'2>c  5  /gOoT^di  .  (31) 

Similarly,  the  Integral  variance  I,  Eq.  11,  can  be 
decomposed  as 


where  I{i«p  and  Ic  are  the  Integrals  of  <* ,2'f lap 
and  <*’2>c. 

Since  expressions  for  both  <♦>  and  9  have  been 
obtained,  <9,2>flap  can  determined  from  Eq.  30, 
and  If lap  by  integrating  the  result:  the  results  are 
given  in  the  Appendix.  The  conditional  integral 
variance  Ic  can  be  determined  in  the  same  way  as  I. 

Ic  satisfies  Eq.  12  (with  Ic  replacing  I),  with  the 
production  P  given  by  Eq.  13  with  o  replacing  o  (see 
Appendix).  This  equation  was  Integrated  numerically  to 
determine  Ic. 

The  calculated  integral  variance  1  and  the 
flapping  contribution  Ifiap  are  shown  on  Fig.  4  for 
two  values  of  the  model  constant  C*.  It  may  be  seen 
that  up  to  Xp/M  •  1.0,  Ifiap  contributes  more  chan 
902  of  the  variance,  whereat  beyond  Xy/M  •  10  it 
contributes  less  than  252.  At  the  first  two 
measurement  locations  (Xy/M  -  0.36  and  0.62)  the 
calculations  are  in  excellent  agreement  with  the  data. 
By  Xy/M  -8.1,  where  the  Influence  of  C*  begins  to 
appear,  the  calculated  variance  Is  about  twice  the 
measured  value.  Hlth  C*  -  2.0,  the  calculated 
variance  is  four  times  the  measured  value  at  Xy/M  - 
100,  whereas  with  C*  -  4.0,  the  calculations  never 
exceed  the  measurements  by  more  than  a  factor  of  two. 
This  level  of  agreement  (at  least  with  C*-4.0)  Is 
comparable  with  that  obtained  by  Stapountzls  et  al. 


(4  ).  (Ic  may  be  noted  that  these  authors'  calcula¬ 
tions  extend  to  Xy/M  •  20  even  chough  their  measure¬ 
ments  extend  to  Xy/M  -  85.  As  with  our  calculation, 
it  appears  chat  the  agreement  between  their  theory  and 
experiment  deteriorates  beyond  Xy/M  -  10.) 

In  order  to  calculate  profiles  of  <$'2>  we  need 
one  more  piece  of  information.  Assuming  <*2>  to  have  a 
Gaussian  profile  (4)  with  variance  Xo  ,  then  the 
profiles  of  <$'2>  Tan  be  determined  from  o,  I  and  X. 

But  from  our  analysis  X  is  not  known.  If  there  were 
only  flapping  (i.e.  Ip-0),  then  X  could  be 
determined,  since  <9'2>fiap  I#  known:  the  value  of  X 
obtainea  thus  we  denote  by  Xfxap.  In  the  early 
stages  of  Che  wake,  flapping  Is  the  dominant 
contribution  to  I,  and  Xfxap  can  be  expected  to  be  a 
good  approximation  to  X.  Figure  5  shows  normalized  rms 
profiles 

♦  5  «9,2>/<9,2>  )l/2  ,  (33) 

O  ZmO 

at  the  first  three  measuring  stations  based  on  the 
calculated  values  of  o,  I  and  Xfiap*  It  may  be  seen 
that  there  Is  good  agreement  with  the  data.  The 
iocation  and  magnitude  of  the  peak  away  from  the  plane 
of  symmetry  is  calculated  reasonably  well. 

At  Che  measurement  stations  further  downstream, 
the  peak  value  of  <6'2>  is  on  the  plane  of  symmetry  and 
the  profi&es  are  approximately  self  similar.  Figure  6 
shows  a  comparison  of  the  measured  and  calculated 
profiles  at  the  last  measurement  station  xy/M-100. 

Here,  Ie  Is  the  dominant  contribution  to  I,  and  it 
would  be  fortuitous  if  Xfxap  approximated  X.  It  can 
be  seen  that  the  calculated  profile  (with  Cp-2.0) 
based  on  o,  I  and  Xfiap  -  1.59  is  significantly 
narrower  than  the  experimental  profile:  but  with  the 
value  X  -  1.0,  the  agreement  is  Improved.  Better 
agreement  Still  Is  obtained  with  C*  -  4.0,  X  -  1.39. 

DISCUSSION 

Both  the  conditional  and  unconditional  pdf  methods 
are  capable  of  describing  the  mean  spreading  of  the 
thermal  wake  through  all  three  stages  of  its 
development.  This  ability  is  due  to  the  fact  that 
convection  appears  in  closed  form  In  the  pdf  equations, 
and  gradient-diffusion  models  are  avoided. 

The  conditional  pdf  method  succeeds  In  calculating 
the  temperature  variance  (to  within  a  factor  of  2) 
whereas  the  unconditional  method  does  not.  The  crucial 
difference  between  the  two  methods  is  revealed  In  the 
(unconditional)  Integral  variance  equation: 


r-?'2V 

dt  ♦ 


5i  s 


The  Integral  production  P  is  the  9* me  for  both  models 
(see  Eq.  13)#  For  the  unconditional  model*  the 
integral  dissipation  is 


t.  -  1/2  C  _  I,  (36) 

♦  ♦  k 

whereas  for  the  conditional  model  it  is 

r.  -  1/2  c.  -  u-i,.  „)  +  JL  (S'3  -  o'3).  (37) 

*  9k  fl»P  4/» 

Figures  3  and  4  show  that  the  modelled  terms  (that 
contains  C*)  have  no  effect  until  beyond  the  first 
measurement  station.  The  success  of  the  conditional 
model  in  calculating  the  variance  at  Xy/M  -  0.36  is 
due,  therefore,  to  the  last  term  in  Eq.  37.  (At  this 
location,  the  unconditional  model  yields  a  variance 
larger  by  a  factor  of  3).  The  term— which  is  exact 


in 


(given  e  and  a) — it  due  to  the  steep  gradients  In  the 
conditional  naan  profile.  From  a  broader  perspective, 
the  success  of  the  conditional  nodal  is  due  to  its 
ability  to  separate  the  flapping  of  the  wake  (largely 
determined  by  wQ)  fron  the  aore  random  spreading. 

Several  approxinatlons  are  aade  in  the  Appendix  in 
order  to  obtain  analytic  solutions.  The  errors  thus 
Introduced  can  ba  avoided  by  solving  the  modelled 
conditional  pdf  transport  equation  by  a  Monte  Carlo 
method . 
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_  An  analytic  solution  for  the  conditional  mean 
<*  v>can  be  obtained  from  the  modelled  Joint  pdf 
equation  (Eqs.  25-28)  with  three  approximations. 

First,  the  conditional  pressure  gradient  in  Eq.  26  is 
neglected.  This  term  is  small  and  its  neglect  is  an 
excellent  approximation.  Second,  the  scalar 
dissipation  term  (Eq.  27)  Is  omitted.  The  principal 
justification  here  is  that  the  scalar  dissipation  does 
not  affect  £he  mean  directly.  Third,  the  condition 
w(x“o,t-o)«w  is. replaced  by  the  (unlikely)  condition 
w(x,y,r«o,t«o)“w  (all  x  and  y).  This  is  identical  to 
the  conventional  assumption  that  dispersion  can  be 
approximated  as  a  one-dimensional  phenomenon. 

With  these  approximations  the  modelled  conditional 
joint  pdf  equation  becomes 

+  v  iL  -  rv2f  +  i  (i+c  )  I  i —  (f(v  -<u  |i>)} 

at  1  axj  2  L  k  avt  1  " 

a2f 

+  C,E  _ -  .  (Al) 

L  aviav1 

This  Is  also  the  Fokker-Planck  equation  (20)  for  the 
random  walk 

x(t+At)  -  x(t)+U(t)At  +  (6m)1/2t  ,  (A2) 

D(t-tAt)  -  U(t)[l  -  i  (l+C. )  1  At]  +  (2C,eAt)1/2  S\(A3) 

—  2  L  k  L 

(in  the  limit  of  At«-0),  where  and  V  are  standardized 
Joint-normal  random  vectors.  For  the  case  considered, 
motion  In  all  but  the  Z-X3  direction  is  irrelevant. 

The  appropriate  Initial  conditions  are  z(t-0)»0, 
w(t“0)»w. 

From  a  standard  analysis  of  the  random  walk  (20) 
we  deduce  that  the  conditional  mean  profile  <p(z, t ) |w> 
Is  Gaussian  (Eq.  29)  with  mean  position  1 


z(w,t)  -  wtQ[  1— ( 1-t-t /tQ)  ]/s. 


where  s  s  1/2  h(Cl+1 )-l  and  t0  =  x0/U.  The 
standard  deviation  of  the  Gaussian  profile  is 

a 2  -  2Tt  +  A2  , 
o 
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and  r  3  1/2  ■(Cl-1)+1.  From  the  conditional  profile 
and  Eq.  22,  the  unconditional  wake  width  o  is 
determined  to  be 

o2  -  2rt  +  A2  ,  (A 


,  ,  ,  (1+t/t  )r"*  (1+t/t  )'“  . 

A2  -  2<w2>t2( - —  +  - 2-  -  — i - }  .  (A8) 

0  0  r(r-s)  rs  a(r-a) 

From  the  conditional  and  unconditional  Man 
profiles,  the  flapping  contribution  to  <q,2>  can  be 
determined.  Performing  the  Integration  In  Eq.  30 
yields 

1  exp(-  L  z2/oJ;)  exp (-z2/©2) 


>fl*P  "  2* 


/Too, 


Noting  that  the  shape  of  the  prpfile  of  ♦  (though 
not  its  position)  Is  Independent  of  w,  we  assume, 
similarly,  that. the  shape  of  the  profile  of  *'2  Is  also 
Independent  of  w.  Then,  the  integral  variance  due  to 
conditional  fluctuations  is,  Eq.  31, 


Ic  -  J<(q-<*|w>)2 jw>dz. 


where  any  value  can  be  selected  for  w.  From  the 
modelled  conditional  pdf  equation,  a  modelled  equation 
for  Ic  can  be  obtained.  By  exploiting  the  symmetries 
resulting  from  the  choice  w  •  0  this  equation  can  be 
reduced  to 


C  -  I  , 
*  k  c 


P  3  (i  $£-  -  D/(2o3/7). 
c  2  dt 


a?  -  I  o2  +  <w2>t2[l-(l+t/t  )“*]  /s2  .  (A10 

*  2  o  o  o 

And,  integrating  over  z,  the  Integral  variance  due  to 
flapping  is  found  to  be 


Iflap  ‘  [ l/o-l/o] 


(It  may  be  noted  that  these  equations  are  the  same 
(mutadls  mutandis)  as  Eqs.  12  and  13  for  the 
unconditional  model.) 

The  solution  described  above  applies  to  a  line 
source.  In  the  experiment,  the  heated  wire  is  a  source 
of  finite  size  which  Stapountzls  et  al.  (4)  suggest 
modelling  as  a  Gaussian  temperature  profile  of  size 
o  *  1.2S  d.  Such  an  initial  profile  can  be 
accommodated  in  the  analysis  simply  by  changing  2Tt  to 
o  2  +  2Tt  in  Eqs.  AS  and  A7.  The  reported  variance 
calculations  were  performed  with  o  -  1.25d,  but,  in 
the  region  of  the  measurements,  this  produced  only  a 
small  change  In  I  compared  to  calculations  with 
o  »  0. 


U  •  *♦ 
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Fig.  1:  Sketch  of  a  haated  wire  downstream  of  a 
turbulence  generating  grid. 


Fig.  2:  Thermal  wake  thickness  against  distance 
from  the  wire. 

- ■ - k-t  model 

•  unconditional  pdf  method 
—————  conditional  pdf  method 
▲  Experimental  data  (i) 
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ABSTRACT 

The  paper  describes  a  second  order  closure  for 
calculating  the  flux  of  passive  scalar  quantities  In 
turbulent  flow.  One  of  the  dominant  terms  appearing 
the  scalar  flux  balance  equation  for  which  a  closure 
approximation  1$  required  Is  the  fluctuating  scalar- 
pressure  gradient  correlation.  For  this  quantity  a 
new  approximation  has  been  developed  In  terms  of  a 
time  scale  characteristic  of  the  scalar  field  and 
linear  combinations  of  the  scalar  flux  and  Reynolds 
stress.  The  characteristic  time  scale  is  obtained 
from  solution  of  balance  equations  for  the  scalar 
variance  and  its  ‘dissipation*  rate.  The  constants 
appearing  In  the  model  have  been  chosen  to  reflect 
scalar  turbulence  data  In  a  range  of  flows  Including 
strongly  sheared  nearly  homogeneous  flows.  Inhomo¬ 
geneous  equilibrium  shear  flows  and  decaying  scalar 
(heated)  grid  turbulence.  The  model  has  been  applied 
to  the  calculation  of  the  scalar  field  In  nearly 
homogeneous  strongly  sheared  flow  where  It  Is  shown 
to  be  capable  of  closely  simulating  the  measured 
data. 

NOMENCLATURE 


2  u.u  - 

bjj  anisotropy  tensor  — ^  a^ 

C#1,CB2’C#3’CB4  constants  appearing  In  the  TTJ7 

equation 

Cn  >Cn  »Cn  »cn  constants  appearing  In  the  c. 

°1  u2  °3  u4  equation  * 

C  ,C  constants  appearing  in  the  c 

*1  *2  equation 

p  fluctuating  component  of  pressure 

2  u1u1 
q  / 2  turbulence  kinetic  energy  >  — * — 

~y  o 

r  time  scale  ratio  •  t «/t^q 

r#  value  of  r  for  equilibrium  flows 

t  time 

U.,u.  mean  and  fluctuating  components  of 

velocity  in  direction  x^ 

pJT  scalar  flux 

x^  Cartesian  coordinate 

t  dissipation  rate  of  turbulence 

energy 

destruction  or  ‘dissipation*  rate 
“  of  scalar  variance 


V 

0 

0 

T 


H 

M 


kinematic  viscosity 
fluid  density 

molecular  Prandtl  or  Schmidt  number 
mechanical  turbulence  time  scale 
-  q2/2c 

scalar  turbulence  time  scale 


mean  and  fluctuating  component  of 
scalar,  e.g.  temperature,  mass 
fraction 

scalar  variance 


INTRODUCTION 

The  ability  to  predict  the  rate  of  turbulent 
transport  of  scalar  quantities  such  as  heat  and  mass 
is  Important  in  a  wide  range  of  practical 
applications.  This  requires  the  provision  of  a 
suitable  model  the  construction  of  which  can  be 
approached  at  varying  levels  of  complexity. 
Currently  it  appears  that  second  order  single  point 
closure  models  in  which  all  the  second  order  moments 
(Including  the  Reynolds  stress  tensor  and  scalar  flux 
vector)  are  obtained  from  solution  of  their 

respective  modelled  transport  equations  represent 
about  the  simplest  level  at  which  most  of  the 
essential  features  of  turbulent  flows  can  be  directly 
described.  In  general  what  would  be  required  of  a 
complete  model  of  this  type  is  that  it  should 
comprise  a  method  of  calculating  both  Reynolds 

stresses  and  turbulent  scalar  fluxes  and  should  be 

able  to  cope  with  possible  variations  in  fluid 
properties  such  as  for  example  fluid  density. 
However,  the  development  of  suitable  models  for  the 
scalar  field  can  best  be  carried  out  if  first 

attention  is  restricted  to  passive  scalars.  In  this 
case  the  scalar  field  has  no  influence  on  the 
velocity  and  then  scalar  transport  can  be  studied  in 
Isolation  from  the  Reynolds  stress  model. 

This  paper  is  concerned  with  the  development  of  a 
second  order  closure  to  describe  the  transport  of  a 
passive  scalar  In  nearly  homogeneous  turbulent  flows 
both  with  and  without  mean  scalar  and  mean  velocity 
gradients.  Such  flows  contain  fundamental  features 
of  many  scalar  turbulent  fields  and  as  a  consequence 
the  model  proposed  should  form  the  basis  for 
calculating  more  complex  flows.  For  high  Reynolds 
and  Pec  let  number  homogeneous  turbulent  flow  fields 
in  the  absence  of  buoyancy,  to  which  the  present  work 
Is  restricted  the  scalar  flux  transport  equation 
reduces  to  a  form  where  a  closure  approximation  Is 
needed  for  one  term  only.  This  term  is  the 
fluctuating  scalar-pressure  gradient  correlation  and 


represents  so  called  “pressure-scrambling".  A  closure 
approximation  has  been  formulated  for  this  quantity 
in  terms  of  linear  combinations  of  the  scalar  fluxes 
and  Reynolds  stress  (in  the  present  context  "known" 
quantities)  and  in  which  a  time  scale  characteristic 
of  the  scalar  field  is  required.  This  is  obtained  in 
terms  of  the  scalar  variance  and  its  viscous 
destruction  or  “dissipation"  rate.  In  homogeneous 
turbulent  fields  the  scalar  "dissipation”  rate  is  the 
only  unknown  in  the  scalar  variance  equation  and  so 
the  provision  of  a  modelled  form  of  the  scalar 
destruction  rate  completes  the  present  formulation. 

As  an  aid  to  the  modelling  of  “pressure 
scrambling"  the  formal  solution  of  a  Poisson  equation 
can  be  used  to  relate  the  scalar-pressure  gradient 
correlation  to  a  volume  integral  involving  two  point 
correlations  of  the  velocity  and  scalar  fields.  This 
volume  integral  comprises  two  parts,  one  involving 
only  turbulence  quantities  and  the  other  being  a 
function  of  turbulence  quantities  times  the  mean  rate 
of  strain.  A  conventional  approach  -  though  not  one 
which  will  be  followed  here  -  is  then  to  develop 
closure  approximations  for  these  two  contributions 
separately;  for  a  review  see  Launder  (1976).  for  the 
turbulence  only  part  jnost  workers  have  used  Monin's 
(1965)  linear  relaxation  model  though  more  complex 
models  have  been  proposed  and  used  e.g.  Lumley 
(1975);  in  practically  all  applications  the  necessary 
time  scale  has  been  assumed  to  be  the  mechanical 
turbulence  time  scale  (=  q2/2c).  For  the  mean 
strain  contribution  two  models  have  found  popular 
use.  These  are  the  quasi-homogeneous  model  whereby 
the  volume  integral  is  modelled  as  a  linear  function 
of  the  scalar  flux  with  the  properties  of  the 
integral  being  used  to  eliminate  (all)  the  constants 
and  the  proposal  of  Launder  (1975)  that  the  term  be 
proportional  to  the  mean  strain  part  of  the  scalar 
flux  generation  rate.  From  these  proposals 
Samaraweera  (1978)  has  assembled  two  models  which 
were  then  applied  to  a  range  of  free  flows  with  good 
results.  However  in  this  paper  it  is  shown  that  when 
these  two  models  are  used  to  calculate  scalar 
transport  in  the  homogeneous  shear  flow  of  Tavoularis 
and  Corrsin  (1981)  then  the  results  obtained  are 
extremely  poor;  a  result  which  remains  unchanged  with 
the  replacement  of  the  mechanical  turbulence  time 
scale  with  a  scalar  field  time  scale.  To  overcome 
this,  in  addition  to  the  current  proposals  a  number 
of  more  complex  formulations  are  possible.  Prominent 
here  is  the  work  of  Lumley  (1978)  who  has  attempted 
to  construct  more  general  models  which  satisfy  the 
requirements  of  realizability  (which  the  above  and 
currently  proposed  model  do  not).  However  formu¬ 
lations  satisfying  all  of  the  requirements  of 
realizability  are  necessarily  exceedingly  complex 
involving  as  they  must  a  number  of  Invariant 
functions  whose  form  must  be  determined  from 
experiment.  Since  amongst  other  things  realizability 
requires  proper  behaviour  of  the  model  as  the 
turbulence  becomes  two  dimensional  (where  there  is 
little  experimental  data)  the  construction  of 
suitable  models  and  functions  is  a  difficult  task. 
It  is  not  pursued  in  the  present  work:  we  prefer 
Instead  to  attempt  to  construct  a  model  which  works 
over  a  more  limited  but  practically  important  range 
of  flows  while  acknowledging  failure  is  likely  If  the 
turbulence  approaches,  for  example, 
two-d Imens 1 onal 1 ty . 

The  scalar  field  time  scale  used  in  the  present 
work  requires  the  scalar  variance  dissipation  rate  to 
be  determined.  About  the  simplest  method  of 
obtaining  this  is  that  adopted  by  Spalding  (1971) 
where  it  Is  assumed  to  be  given  by 

«#  -  C0  (2 a/7)  «2 

and  where  the  constant  Cg  is  proportional  to  the 
ratio  of  the  scalar  and  velocity  field  time  scales. 
However  it  is  extremely  likely  that  the  time  scale 
ratio  will  be  different  in  different  flows  and  a  more 
detailed  model  for  tj  Is  then  required;  a  model 
transport  equation  for  ca  is  needed.  Newman, 
Launder,  and  Lumley  (1981)  have  devised  such  an 


equation  for  use  in  homogeneous  fields  without  mean 
strain  in  which  the  source/sink  terms  depend  on  (in 
addition  to  the  two  time  scales)  the  scalar  variance 
production  rate  and  the  anisotropy  of  the  velocity 
field.  Good  results  were  obtained  when  the  model  was 
applied  to  the  range  of  scalar  flows  for  which  data 
was  available.  Elghobashi  and  Launder  (1981)  have 
also  applied  a  simplified  version  of  this  model  -  in 
which  the  influence  of  the  velocity  field  anisotropy 
was  neglected  -  to  the  calculation  of  a  thermal 
mixing  layer  developing  in  a  uniform  mean  velocity 
field.  However  as  they  stand  neither  of  these 
proposals  is  intended  to  apply  to  flows  with  mean 
strain;  additional  terms  it  appears  then  become 
necessary.  For  this  reason  a  model  equation  for  t£ 
applicable  to  flows  with  and  without  mean  strain  has 
been  devised:  for  unstrained  flows  it  is  closely 
similar  to  the  proposals  above. 

ANALYSIS 

For  a  homogeneous  turbulence  field  the  set  of 
balance  equations  describing  the  evolution  of  a 
passive  scalar  in  an  incompressible  high  turbulence 
Reynolos/Peclet  number  flow  in  the  absence  of 
bouyancy  forces  can  be  written  in  the  form: 
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In  writing  the  above  equation  set  certain  viscous 
terms  negligible  at  high  turbulence  Reynolds  numbers 
have  been  omitted  and  the  assumption  of  local 

isotropy  (Monin  and  Yaglom  1975)  has  been  invoked 
with  the  consequence  that  terms  such  as 

have  been  discarded.  In 
sh  values  for  the  various  constants 
which  appear  in  the  formulated  model  the  equations 
describing  the  turbulence  energy  and  its  dissipation 
rate  are  needed.  In  the  present  work  the  following 
forms  appropriate  to  homogeneous  turbulent  flows  are 
adopted: 


(4) 


dc 

it 


where  q^/2  »  u,u./2  and  where  C  »  1.45  and  C  »  1.9, 

1  *1  *2 

Morse,  1980.  The  requirements  of  homogeneity  imply 
that  the  mean  scalar  and  mean  velocity  gradients  must 
be  uniform  over  the  complete  flow  domain  and  are  thus 
known.  Hence  In  order  to  produce  a  closed  set  of 

equations  closure  approximations  must  be  developed 
for  the  terms  on  the  right  hand  side  of  (1)  to  (3) 

and  in  addition  the  characteristics  of  the  velocity 
field  including  the  Reynolds  stress  tensor  must  be 
known.  In  the  context  of  a  full  second  order  closure 
the  Reynolds  stress  would  be  obtained  from  solution 
of  its  own  modelled  balance  equation.  However  in  the 

present  case  where  we  are  concerned  only  with  the 

development  of  closure  approximations  for  the  scalar 
field  it  is  immaterial  whether  the  stress  is  obtained 
from  measurement  or  calculation;  that  is  providing 
the  Reynolds  stress  model  is  capable  of  providing  an 
accurate  representation  of  the  measurements.  The 
Reynolds  stress  is  therefore  in  the  present  work 
taken  to  be  a  “known"  quantity. 


The  scalar  flux  equation  (1)  contains  a  single 
term  which  must  be  modelled;  a  correlation  between 
the  fluctuating  scalar  and  the  gradient  of  the 
pressure  fluctuations  -  so  called  "pressure 
scrambling".  For  homogeneous  flows  the  solution  of  a 
Poisson  equation  for  the  pressure  can  be  used  to 
relate  this  quantity  to  volume  integral  involving  two 
point  quantities,  viz 

mi « i_  jff  \  u,guii^j  i£_  ♦  2  (U_£)  •  (ini)  •  i£_"( 
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where  the  terms  with  and  without  primes  denote  values 
at  x’  and  x^,  respectively.  Equation  (6)  indicates 
thar  mJTGmxTI  comprises  two  types  of  terms, 
one  involving  turbulence  quantities  only  and  another 
proportional  to  the  mean  strain.  For  these  reasons 
the  two  terms  have  conventionally  been  modelled 
independently.  The  resulting  complete  closure 
approximation  then  consists  of  a  term  Involving  only 
turbulence  quantities  plus  a  function  of  the  scalar 
flux  (and  sometimes  the  Reynolds  stress)  times  the 
mean  rate  of  strain,  for  example  see  Launder  (1976), 
Lumley  (1978).  However  an  exact  balance  equation  for 
the  "turbulence  only"  component  of  the  complete 
pressure  scrambling  term  can  be  derived,  Musonge 
(1983)  and  while  this  equation  is  too  complicated  to 
be  of  much  direct  use  in  modelling  it  does  indicate 
that  the  contribution  (a)  in  equation  (6)  depends 
both  on  the  turbulence  field  and  the  mean  scalar  and 
mean  velocity  gradients.  If  it  is  accepted  that  both 
parts  of  the  integral  in  equation  (6)  depend  on  the 
mean  field  then  there  is  little  or  no  advantage  to  be 
gained  by  modelling  them  separately  and  it  is  for 
this  reason  that  the  complete  term  is  modelled 
collectively  in  the  present  work. 

If  it  is  assumed  that  the  turbulence  Is 
quasi-steady  then  it  seems  reasonable  to  postulate 
that  the  dependence  of  (d/e)/ap/(axi)  can  be 
expressed  as: 
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where  bjj  is  the  anisotropy  tensor  and  where  dijk 
is  a  third  rank  linear  tensor  function  of  the  scalar 
flux  given  by: 

dijk  -  %  ^  C*441k  ¥  *  %  *jk  ^ 

The  parameters  C,  are  taken  to  be  constants 

a(a*l,5) 

and  t.  is  a  time  scale  characteristics  of  the  scalar 


field,  here  taken  to  be  given  by  t. 
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absence  of  mean  gradients  equat1on*(7)  redfices  to  the 
approximation  proposed  by  Monin  (1954).  It  should 
also  be  noted  that  the  constant  C,  plays  no  role  in 

constant  density  flows.  Equation  (7)  has  been 
formulated  in  the  belief  that  mean  scalar  gradients 
have  no  Influence  in  isotropic  turbulence  and  that 
(#/p)/(ap/ax.)  should  depend,  at  least  to  a  first 
approximation,  only  linearly  on  turbulence  quantities. 
To  obtain  values  of  the  constants  which  appear  In 
equation  (7)  measurements  made  in  near  equilibrium 
flows  can  be  used.  For  this  case  convective  and 
diffusive  transport  are  negligible  and  production  and 
dissipation  rates  are  approximately  equal.  Applied 
to  these  flows  on  Insertion  of  equation  (7)  Into  the 
scalar  flux  equation  there  results: 
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If,  for  situations  where  only  — -  an  a  -22—  are  none 
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negligible  equation  (8)  is  written  for  both  the 
longitudinal  (x^)  and  lateral  (x^)  directions  after 

some  manipulation  there  results: 
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where  ot  is  the  turbulent  Prandtl  number.  If  the 
following  values  of  the  various  ratios  representative 
of  measurements  in  equilibrium  flows: 

_  -  -*■ _  Champagne, 

u.u./q^  ■  -  0.17  ;  u,/u.u,  •  -  1.45  Harris,  and 

w  c  w  Corrsin  (1970) 

and 


u^b/u^i  »  -  1.2  ;  »  0.7  w 

are  inserted  into  the  equation  we  obtain: 

C„  -  -  0.408  C.  -  0.7  C.  ♦  1.7 


Webster 

(1964) 


-  0.283  C„  -  0.309  C,  ♦  0.841 


The  remaining  two  constant  values  were  estimated  using 
free  shear  flow  data,  see  Musonge  (1973)  with  the  result 
that  the  following  set  of  constants  were  obtained 


0.23  C, 


1.08  and  C, 


To  complete  the  formulation  a  method  must  be 
devised  for  calculating  the  scalar  field  time  scale 
which  In  the  present  case  requires  the  scale 
dissipation  rate  to  be  determined.  As  was  mentioned 
In  the  Introduction  there  have  been  a  number  of 
previous  attempts  at  devising  model  balance  equations 
for  t*,  though  none  of  these  formulations  appear  to 
be  intended  (in  unmodified  form)  to  be  applicable  to 
flows  with  mean  strain.  The  strategy  followed  here 
follows  the  spirit  of  these  previous  attempts  at 
formulating  an  e*  equation  though  there  are  some 
differences  in  detail.  For  the  high  Reynolds/ Pec  let 
number  flows  considered  in  the  present  work  the 
following  modelled  form  of  the  c£  equation  is 
adopted: 
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where  the  coefficients  Cn  ,  Cn  ,  Cn  and  Cn  are 
U1  u2  u3  u4 

constants.  For  flows  without  mean  strain  equation  (8) 
reduces  to  a  form  Identical  to  that  of  Elghobashi  and 
Launder  (1981).  In  order  to  determine  the  constants 


appearing  in  equation  (10)  use  can  be  made  of  data 
obtained  in  decaying  homogeneous  scalar  turbulence 
and  the  analysis  of  Beguier,  Dekeyser  and  Launder 
(1978)  of  thermal  turbulence  data. 

Experimental  studies  of  decaying  temperature 
fluctuations  downstream  of  a  heated  grid,  see  Warhaft 
and  Lumley  (1978)  and  Sirivat  and  Warhaft  (1982), 
have  shown  that  the  scalar  to  velocity  field  time 
scale  ratio 

r(*  *  7)l{ q2  tt) 

remains  approximately  constant  and  equal  to  its 
initial  value  as  the  flow  evolves.  If  it  is  assumed 
that  r  remains  exactly  constant  in  these  flows  then 
the  present  model  can  be  reduced  to: 

dr  n 
dt  *  0 


him  as  SF 1  and  SF2  -  which  when  applied  by  him  to  a 
range  of  free  shear  flows  gave  good  results.  The  two 
models  are  summarised  below  with  the  constants  quoted 
as  used  by  Samaraeera 

SF1 
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If  is  assigned  the  value  of  1.9,  Morse  (1980)  then 

so1ut?on  of  the  above  equations  gives  Cn  «  2.0  and 
Cn  -  1.8  U1 

°2 

The  remaining  two  constants  can  be  evaluated  with 
the  aid  of  data  on  inhomogeneous  equilibrium  flows  - 
that  is  flows  In  which  the  scalar  variance  and 
turbulence  energy  production  rates  are  approximately 
equal  to  their  respective  dissipation  rates.  Beguier 
et  al  (1978)  have  analysed  flows  of  this  type  and 
concluded  that  in  this  situation  the  time  scale 
ratio,  r  had  a  constant  value  of  approximately  0.5. 
If  to  obtain  an  estimate  of  the  constants  turbulent 
transport  is  neglected  then  for  equilibrium  flows 
equation  (10)  becomes: 
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Using  the  definition  of  r  together  with  equations  (2), 
(4)  and  (5)  we  can  also  obtain 
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Using  the  quoted  values  for  C  and  C  together  with 

*1  *2 

rg  .  0.5  the  following  relationship  Is  obtained: 

Cn  .4.9-2  C„ 


which  leaves  one  constant  and  Cg  still  to  be  determined 

Its  value  was  selected  by  requiring  that  the  complete 
scalar  field  model  (with  modelled  diffusion  terms 
included)  produce  that  correct  ratio  of  the  spreading 
rates  of  the  velocity  and  scalar  fields  in  free 
jet/wake  flows.  By  this  means  a  provisional  value  of 
C03  •  1  was  found  to  be  adeouate.  The  constants 
appearing  in  the  scalar  dissipation  rate  equation  are 
thus  assigned  the  values: 


y  2  • 
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and  this  completes  the  present  formulation. 

For  the  purposes  of  comparison  with  the  present 
proposal  two  previously  proposed  and  fairly 
extensively  applied  models  are  also  considered. 
Samaraweera  (1980)  considered  two  models  -  denoted  by 


COMPARISON  WITH  EXPERIMENT 

Before  the  equations  describing  the  evolution  of 
the  scalar  field  can  be  solved  the  Reynolds  stress 
field  must  be  specified.  In  the  experiment  with 
which  we  are  primarily  concerned  -  that  of  Tavoularis 
and  Corrsin  (1981)  -  the  components  of  the  Reynold 
stress  were  measured  at  locations  covering  the 
complete  test  section  and  these  could  have  been  curve 
fitted  for  use  in  the  scalar  field  calculation. 
However,  for  reasons  of  convenience  only  this 
procedure  was  not  adopted.  The  Reynolds  stress  field 
was  calculated  using  the  closure  described  by  Jones 
and  Musonge  (1983)  with  the  results  corresponding  to 
the  continuous  lines  in  figures  1  and  2;  these  were 
used  in  all  subsequent  scalar  calculations.  As  the 
calculated  components  of  the  stress,  including  the 
turbulence  energy  are  all  in  very  close  accord  with 
the  measured  values  -  the  maximum  error  is  about  6i  - 
no  significant  error  in  the  scalar  field  can 
originate  from  this  source.  Thus  any  discrepancies 
which  may  subsequently  arise  between  the  measured  and 
calculated  scalar  variance  and  scalar  fluxes  will 
reflect  only  Inadequacies  in  the  closure 
approximations  adopted  for  “pressure-scrambling*  and 
the  determination  of  the  scalar  dissipation  rate.  The 
resulting  set  of  first  order  ordinary  differential 
equations  which  arise  when  the  present  model  is 
specialised  to  nearly  homogeneous  one  dimensional 
flows  have  been  solved  by  fourth  order  Runge-Kutta 
integration  using  measured  initial  values  for  the 
dependent  variables. 

Tavoularis  and  Corrsin  (1981)  have  studied 
experimentally  the  nearly  homogeneous  turbulent 
velocity  and  scalar  fields  associated  with  a  quasi- 
uniform  mean  shear  rate  and  mean  temperature 
gradient.  In  their  experiment  the  turbulence  energy 
production  to  dissipation  rate  had  a  roughly  constant 
value  of  about  1.6  and  the  ratio  of  the  scalar  to 
turbulence  energy  time  scales  r  (  =  (c  frO/q^) 
had  a  value  of  about  0.35.  This  latter  value  is 
significantly  lower  than  the  value  found  in  most  near 
equilibrium  flows  (where  incidently  almost  all  scalar 
field  models  give  good  results).  The  results 
obtained  when  the  present  model  is  applied  to  the 
Tavoularis  and  Corrsin  flow  are  shown  in  figures  3  to 
5.  The  continuous  lines  represent  calculations  with 
the  complete  model  (in  which  the  scalar  field  time 
scale  is  calculated  via  the  scalar  dissipation  rate 
equation)  whereas  the  dashed  lines  represent  the 
results  obtained  the  scalar  field  time  scale 
T0  (M^J/c^)  set  equal  to  mechanical  time 
scale  q‘/2e.  This  latter  expression  is  that 
app-opriate  to  equilibrium  flows  and  has  found  common 
use  in  many  scalar  field  closures  though  sometimes  a 
constant  of  proprotional ity  is  introduced.  In  figure 
3  the  predicted  and  measured  values  of  the  turbulent 
Prandtl  number  defined  by 
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and  the  ratio  of  the  longitudinal  to  lateral 
components  of  the  scalar  flux  are  shown  over  the 
complete  test  section.  As  can  be  readily  observed 
the  results  obtained  with  the  (two)  mechanical  and 
scalar  field  time  scale  model  are  in  almost  perfect 
agreement  with  the  measurements  whereas  when  the 
mechanical  time  scale  only  -  the  dashed  line  -  is 
used  the  discrepancies  are  large;  the  predicted  flux 
ratio  increases  to  a  value  of  about  2.7  compared  with 
the  measured  value  of  2.2  at  the  end  of  the  test 
section.  The  absolute  values  of  components  of  the 
flux  and  the  scalar  variance  are  shown  in  figure  4. 
Again  consistent  with  the  previous  figure  the  fluxes 
and  the  variances  are  well  predicted  with  two  scale 
model  with  the  maximum  discrepancy  between  the 
measured  and  calculated  fluxes  being  about  102  and 
that  for  the  variance  being  abaout  132.  In  contrast 
-  again  consistent  with  figure  3  -  when  only  the 
mechanical  time  scale  is  used  appreciable  error 
occurs  with  discrepancies  of  the  order  302  arising. 
Finally  in  figure  5  the  predicted  and  measured 
variation  of  the  correlation  coefficients  for  the  two 
components  of  the  scalar  flux  and  the  scalar  to 
mechanical  time  scale  ratio  over  the  test  section  are 
shown.  Here  only  the  complete  (two  time  scale)  model 
calculations  are  shown  and  these  are  again  in  good 
agreement  with  the  measured  values.  In  view  of  the 
maximum  62  discrepancy  between  the  measured  stress 
field  and  that  used  for  the  calculations  (which  is 
probably  typical  of  the  experimental  uncertainty)  the 
overall  agreement  displayed  in  figures  3  to  5  by  the 
two  scale  model  must  be  deemed  satisfactory.  In 
concluding  this  we  must  draw  attention  to  the  fact 
that  the  data  of  Tavoularis  and  Corrsin  was 
influential  in  the  choice  of  the  model  constants;  any 
merit  in  the  good  agreement  achieved  must  be 
therefore  tempered  by  this  fact. 

From  the  results  shown  in  figures  3  to  5  It  is 
clear  that  the  use  of  an  Independent  scalar  field 
time  scale  is  necessary  to  bring  agreement  with 
experiment.  It  therefore  seemed  worthwhile  to 
explore  whether  or  not  any  of  the  simpler  current 
models  could  be  made  to  reproduce  the  presently 
considered  measurements  simply  by  replacing  the 
mechanical  time  scale  with  the  scalar  time  scale 
computed  from  the  solution  of  equations  (2)  and  (10). 
For  this  purpose  the  models  used  and  denoted  as  SF1 
and  SF2  by  Samaraweera  (1978)  have  been  used:  both 
models  have  been  found  to  perform  well  for  a  range  of 
free  shear  flows.  As  for  the  previously  discussed 
calculations  the  Reynolds  stress  field  used  was  that 
displayed  In  figures  1  and  2  and  the  calculated 
results  are  shown  In  figures  6  to  8.  Those  shown  in 
figures  6  and  7  represent  the  results  obtained  with 
models  SF1  and  SF2  in  their  original  form  and  as  used 
by  Samaraweera  (1978)  while  figures  8  shows  the 
results  when  the  mechanical  time  scale,  Is 

replaced  with  that  of  the  scalar  field,  namely  t*l ex. 
The  results  displayed  In  both  cases  are  in  exceedingly 
poor  agreement  with  measurements.  In  figures  6  and  7 
with  both  models  SF1  and  SF2  the  predicted  turbulent 
Prandtl  number  is  about  0.3  over  much  of  the  flow 
compared  with  the  measured  value  of  1.1  and  both 
uT»  and  -  u;d  are  overpredicted  by  an  excess  of 
100  by  the  end  of  the  test  section.  As  a  consequence 
the  calculated  values  of  the  scalar  variance  are 
typically  some  200-3002  greater  than  the  measured 
value  at  the  end  of  the  test  section. 

Some  small  Improvement  arises  when  the  scalar 
field  time  scale  Is  used,  figure  8,  with  the  computed 
turbulent  Prandtl  number  now  being  about  0.6  over 
much  of  the  flow.  However  both  the  scalar  flux  and 
scalar  variance  remain  significantly  in  error  with 
discrepancies  of  the  order  1002  arising  at  the  end  of 
the  measuring  section. 


In  view  of  the  good  performance  of  particularly 
model  SF1  and  to  a  lesser  extent  SF2  In  free  shear 
flows  the  results  obtained  here  might  at  first  sight 
seem  slightly  surprising.  However  the  reasons  for 
this  can  perhaps  be  understood  if  it  is  realised  that 
in  the  Tavoularis  and  Corrsin  flow  that  the  turbulent 
Prandtl  number,  the  flux  ratio  and  the  scalar  to 
mechanical  time  scale  ratio  have  values  of 
approximately  1.1,  -  2.2  and  0.35,  respectively. 
These  are  substantially  different  from  those  of  0.7, 
-  1.1  and  0.5  found  in  near  equilibrium  flows  and  the 
data  thus  represents  a  stringent  test  of  scalar  flux 
models. 

CONCLUDING  REMARKS 

The  closure  approximation  formulated  for  the 
scalar-pressure  gradient  correlation  appearing  in  the 
passive  scalar  flux  balance  equation  has  two 
components.  These  are  (i)  a  general  modelling  in 
terms  of  linear  combinations  of  the  scalar  flux  and 
Reynolds  stress  and  (ii)  the  use  of  a  characteristic 
scalar  field  time  scale  obtained  in  the  present  work 
from  solution  of  a  modelled  scalar  "dissipation"  rate 
equation.  Both  of  these  components  have  been  shown 
to  be  necessary  for  the  model  to  be  capable  of 
predicting  both  equilibrium  and  non-equilibrium 
scalar  flows.  The  model  necessary  Involves  a  number 
of  empirical  constants  which  have  been  chosen 
(without  rigorous  optimisation)  by  reference  to  a 
range  of  flow  configurations  which  Include  decaying 
scalar  grid  turbulence.  Inhomogeneous  near 
equilibrium  free  shear  flows  and  the  scalar  field  in 
the  strongly  sheared  nearly  homogeneous  free  shear 
flow  of  Tavoularis  and  Corrsin.  In  this  latter  flow 
appreciable  departures  from  equilibrium  arise  and  it 
thus  represents  a  severe  test  of  scalar  flux  models. 
When  the  proposed  model  is  applied  to  the  flow  it 
closely  simulates  the  measurements  as  it  does  also  in 
the  case  of  equilibrium  free  flows.  Though  not 
described  here  the  model,  with  terms  to  account  for 
flow  Inhomogeneities  added,  has  been  applied  to  a 
range  of  free  flows,  Musonge  (1983).  While  the  data 
available  for  comparison  is  limited  and  the  scalar 
field  predictions  are  sometimes  contaminated  by 
errors  in  the  predicted  velocity  field  characteristics 
the  results  were  generally  acceptable.  However 
scalar  field  measurements  and  particularly  those 
Involving  the  components  of  the  scalar  flux  and  the 
variance  are  limited  and  these  latter  calculations  do 
not  therefore  provide  a  stringent  test  of  the 
proposed  or  indeed  any  other  scalar  flux  model.  More 
measurements  particularly  of  the  scalar-velocity 
correlations  and  scalar  variance  are  therefore  needed 
to  fully  determine  the  adequacy  of  the  proposed 
model.  It  is  also  worth  pointing  out  that  the  model 
has  not  so  far  been  applied  to  the  calculation  of 
near  wall  flows  and  it  may  well  be  that  further 
adjustments  of  the  model  and  its  constants  will  then 
be  necessary. 
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Figure  1  Normal  stress  variation  in  the  nearly 
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Figure  3  Predicted  and  measured  Prandtl  number  and 
heat-flux  ratio 
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ABSTRACT 

The  paper  reports  on  investigation  into  the  struc¬ 
ture  of  the  turbulence  in  a  natural  convection  boundary 
layer  on  an  isothermal  vertical  surface,  based  on  mea¬ 
surements  of  the  temperature  fluctuations.  Two  point 
correlations  with  probe  separations  in  one  or  more  of  the 
three  coordinate  directions,  were  used  to  determine  the 
extent  to  which  the  structure  of  the  turbulence  is  simi¬ 
lar  to  that  found  in  forced  flows.  Spanwise  correla¬ 
tions  showed  a  structure,  very  similar  to  the  streaks 
and  bursts  reported  in  forced  flows,  in  the  region  near 
the  wall,  but  further  out  the  structure  was  different. 

INTRODUCTION 

The  study  of  turbulent  natural  convection  boundary 
layers  has  always  lagged  behind  the  study  of  the  corres¬ 
ponding  forced  flows.  Even  today  the  important  charac¬ 
teristics  of  the  development  of  a  turbulent  natural  con¬ 
vection  boundary  layer  on  an  isothermal,  vertical  plane 
surface  (such  as  the  variation  of  the  boundary  layer 
thickness  with  distance  along  the  surface)  cannot  be  con¬ 
sidered  to  be  known.  The  orofiles  of  mean  velocity  and 
mean  temperature  recently  reported  by  Cheesewright  and 
lerokipiotis  (1982)  do  at  least  satisfy  an  integral 
energy  balance,  unlike  the  earlier  data  of  Cheesewright 
(1968),  Smith  (1972)  and  Doan  (1977).  However,  they  do 
not  extend  over  a  sufficiently  large  range  of  Grashof 
numbers  to  delineate  the  trends  of  development . 

The  setting  up  of  experiments  at  large  enough  Gras¬ 
hof  numbers  is  not  easy  and  there  is  considerable 
interest  in  the  use  of  numerical  techniques,  together 
with  appropriate  turbulence  models,  to  provide  the 
missing  data.  A  number  of  different  turbulence  models 
are  available  from  work  on  forced  flows,  but  it  is  by  no 
means  certain  that  a  model  developed  for  use  in  forced 
flows  will  be  satisfactory  for  natural  convection  flows 
since  the  structure  of  the  turbulence  in  the  two  types  of 
flow  may  be  different.  This  situation  suggests  the  need 
for  experimental  data  on  the  structure  of  a  turbulent 
natural  convection  boundary  layer  so  that  such  data  can 
be  compared  with  the  fairly  extensive  array  of  data  which 
is  Already  available  for  turbulent  boundary  layers  in 
forced  flows. 

The  work  of  Cheesewright  and  Doan  (1978)  was  the 
first  step  in  a  study  of  the  structure  of  the  turbulence 
in  a  natural  convection  boundary  layer.  Two  point  corre¬ 
lations  of  the  temperature  fluctuations  which  were  repor¬ 
ted  in  that  work  gave  some  weight  to  the  suggestion  that 
the  structure  of  the  turbulence  in  natural  convection 
flows  was  generally  similar  to  that  found  in  forced  flows. 
The  present  work  represents  a  second  stage  in  the  inves¬ 
tigation  begun  by  Cheesewright  and  Doan  and  to  the 
authors'  knowledge  this  is  still  the  only  study  of  the 
structure  of  a  fully  turbulent  natural  convection  flow. 

Studies  of  the  structure  of  turbulent  forced  flows 
have  used  a  range  of  different  techniques  from  flow 
visualisation  to  the  correlation  of  time  derivatives  of 


velocity  components .  They  have  tended  to  concentrate  on 
the  velocity  field  since  it  is  the  velocity  field  which 
really  comprises  the  turbulence  and  quantities  such  as 
the  turbulent  temperature  fluctuations  are  secondary  and 
result  from  the  velocity  field.  In  those  studies  which 
are  known  to  have  looked  at  the  structure  of  the  tem¬ 
perature  fluctuations,  the  temperature  behaved  like  a 
passive  scalar,  there  being  no  feedback  from  the  tem¬ 
perature  field  to  the  velocity  field. 

The  measurement  of  velocities  in  a  turbulent  natu¬ 
ral  convection  flow  is  particularly  difficult.  In  the 
present  experiment  where  the  working  fluid  is  air,  the 
maximum  mean  velocity  does  not  exceed  0.75  m/s,  and 
these  low  velocities  combined  with  the  high  level  of 
turbulent  fluctuations  of  temperature  make  accurate  hot¬ 
wire  anemometry  particularly  difficult .  Recent  mean  ve¬ 
locity  data  measured  with  a  laser-Doppler  anemometer 
(Cheesewright  and  lerokipiotis  (1982))  have  confirmed  an 
earlier  suspicion  that,  although  the  velocity  profiles 
in  a  laminar  natural  convection  boundary  layer  can  be 
measured  with  a  hot-wire  anemometer,  the  velocities  in 
the  turbulent  boundary  layer  are  under-estimated  by  up 
to  25 t.  The  reason  for  this  error  is  not  fully  under¬ 
stood  but  it  is  believed  that  it  is  due  to  the  support 
prongs  of  a  typical  hot-wire  probe  having  a  thermal  time 
constant  which  is  of  the  same  order  as  the  time  constant 
associated  with  the  large  eddy  structure  of  the  turbu¬ 
lence.  The  temperature  of  the  prongs  is  thus  driven  by 
the  turbulent  fluctuations  of  temperature  in  the  flow 
and  the  interaction  with  the  wire  comes  from  the  fact 
that  at  low  velocities,  a  significant  part  of  the  energy 
supplied  to  the  wire  is  lost  by  conduction  to  the  prongs. 

The  nature  of  the  above  described  problem  with  hot¬ 
wire  anemometry  suggests  that  the  use  of  hot-wires  to 
measure  two  point  velocity  correlations  in  a  turbulent 
natural  convection  flow  would  almost  certainly  lead  to 
serious  errors.  The  alternative  of  using  laser-Doppler 
anemometry  is  not  really  feasible  because  the  provision 
of  an  optical  system  with  two  separate  channels,  one  of 
which  could  be  traversed  relative  to  the  other,  while 
the  whole  system  could  be  traversed  to  any  point  in  the 
boundary  layer  would  be  very  expensive. 

The  difficulties  with  Velocity  measurement  gave  rise 
to  a  decision  to  concentrate  on  the  study  of  temperature 
fluctuations . 

Before  describing  the  experiments  it  is  convenient 
to  consider  the  current  state  of  knowledge  regarding  the 
turbulent  natural  convection  boundary  layer. 
Characteristics  of  a  Turbulent  Natural  Convection 
Boundary  Layer 

The  present  work  used  air  as  a  working  fluid  so 
that  the  thermal  and  flow  regions  in  the  boundary  layer 
may  be  assumed  to  be  of  the  same  extent.  For  example, 
adjacent  to  the  wall  there  will  be  a  viscous  sublayer 
and  a  conductive  sublayer  and  the  available  data  only 
clearly  define  the  edge  of  the  latter  region  but  we 
will  assume  that  the  edge  of  the  viscous  sublayer  is  at 
the  same  distance  from  the  wall . 
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It  may  be  shown  theoretically  that  the  profile  of 
mean  temperature  in  the  sublayer  should  be  linear  and 
this  has  been  confirmed  by  experiment,  but  the  corres¬ 
ponding  cubic  form  of  the  mean  velocity  profile  has  not 
yet  been  confirmed. 

George  and  Capp  (19T9)  have  suggested  that  the 
natural  convection  equivalent  of  the  inertial  sublayer 
is  a  buoyant  sublayer  and  they  have  shown  that  the  tem¬ 
perature  and  velocity  in  the  region  should  vary  with 
the  inverse  cube  root  and  the  cube  root  of  the  distance 
from  the  wall  respectively.  However,  if  we  allow  for  a 
buffer  layer  betveen  the  viscous  sublayer  and  the 
buoyant  sublayer,  the  latter  must  be  a  much  less  exten¬ 
sive  region  than  the  inertial  sublayer  in  a  typical 
forced  flow  because  it  is  bounded  on  the  outer  side  by 
the  peak  in  the  mean  velocity  profile.  Figure  1  shows 
an  estimate  of  the  extent  of  the  various  layers  in  the 
present  flow,  for  which  the  edge  of  the  viscous  sub¬ 
layer  is  at  approximately  1.8  mm  from  the  vail  and  the 
peak  mean  velocity  is  at  8-9  mm  from  the  wall. 

The  presently  available  data  do  not  entirely  sup¬ 
port  the  predictions  of  George  and  Capp  in  respect  of 
the  interrelation  between  the  growth  of  the  boundary 
layer  thickness  and  the  growth  of  the  maximum  mean  ve¬ 
locity.  Hovever,  this  may  be  due  to  the  experiments 
not  having  been  carried  to  high  enough  values  of  the 
Grashof  number. 

Because  George  and  Capp  were  able  to  shov  that  the 
near  wall  region  is  not  a  constant  stress  layer,  but  a 
constant  heat  flux  layer,  they  suggested  velocity  and 
length  scales  for  that  region  vhich  were  different  to 
the  usual  uT  and  u/uT.  In  order  to  facilitate  compari¬ 
son  with  forced  flow  data  the  present  results  have  been 
made  dimensionless  against  uT  and  v/Uj  rather  than  the 
new  scales.  The  necessary  values  of  tv  have  been  taken 
from  the  work  of  Ierokipiotis  (1983). 

Interaction  of  the  Temperature  and  Velocity  Fields 

In  terms  of  the  mean  fields  of  temperature  and  ve¬ 
locity  there  is  obviously  complete  interaction  as  the 
whole  flow  is  driven  by  density  differences  arising 
from  temperature  differences.  In  terms  of  the  turbu¬ 
lence  the  picture  is  not  clear.  Buoyancy  'source'  terms 
appear  in  the  conservation  equations  for  both  che  kine¬ 
tic  energy  of  the  turbulence  and  for  the  Reynolds  stress 
( u*vl )  but  it  has  been  suggested  by  some  authors  that 
these  terms  are  negligible  in  a  natural  convection  boun¬ 
dary  layer  on  a  vertical  surface,  although  they  are 
known  to  be  significant  in  boundary  layers  on  horizontal 
and  inclined  surfaces. 

If  the  buoyant  and  shear  stress  'source'  terms  in 
the  kinetic  energy  equation  are  each  integrated  across 
the  thickness  of  the  boundary  layer  it  is  certainly 
true  that  the  former  is  negligible,  but  if  we  look  at 
the  respective  distributions  across  the  layer  there 
must  be  a  significant  region  in  which  the  buoyant 
’source’  term  dominates.  Approximate  estimates  of  the 
distributions  of  the  major  turbulence  terms  have  been 
made  using  a  combination  of  modelling  data  by  Leslie 
and  Gibson  (1982)  and  experimental  data  (where  the  lat¬ 
ter  is  available),  these  estimates  are  shown  in  Figure  2. 

It  vill  be  seen  that  there  is  a  region  just  out¬ 
side  the  viscous /conductive  sublayer  in  which  the  shear 
stress  'source'  term  dominates,  and  a  second  region 
outside  the  peak  in  the  swan  velocity  profile  where  the 
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sane  relationship  is  true.  Hovever,  between  these  two 
regions  the  buoyant  'source'  tern  dominates ,  since  tne 
shear  stress  'source'  passes  through  zero  twice,  once 
associated  with  the  zero  of  tne  Reynolds  stress  ana 
once  associated  with  the  zero  of  the  gradient  of  mean 
velocity. 

This  review  of  the  interaction  between  the  tempera¬ 
ture  and  velocity  fields  suggests  that  phenomena  such  as 
a  span-wise  structure  of  low  speed  streaks  and  the  asso¬ 
ciated  'bursts',  which  originate  at  the  outer  edge  of 
the  viscous  sublayer,  may  be  expected  to  be  relatively 
similar  to  corresponding  phenomena  found  in  forced  flows. 
Structures  which  have  their  origin  further  out  in  the 
flow  may  be  different. 

EXPERIMENTAL  DETAILS 

The  vertical  plate  0.6  m  wide  and  2.75  m  high,  used 
to  generate  the  natural  convection  boundary  layer  in 
this  work  was  originally  constructed  by  Cheesewright 
(1968)  and  with  minor  modifications  it  has  since  been 
used  by  Smith  (1972)  and  Cheesewright  and  Doan  (1978). 

The  electrically  heated  plate  is  fitted  with  0.25  m  deep 
side  walls  over  its  whole  length  and  spanwise  traverses 
in  the  turbulent  part  of  the  boundary  layer  have  shojro 
no  evidence  of  a  lack  of  two-dimensionality  in  the  mean 
fields,  over  the  central  0.L  m  of  the  plate.  The  plate 
surface  was  isothermal  to  better  than  ±  1  °C  but  it  was 
not  possible  to  eliminate  a  vertical  stratification  of 
1.5  to  2.0  °C/m  in  the  laboratory.  All  the  experiments 
were  made  at  a  plate  to  ambient  temperature  difference 
„f  i  1  °C. 

The  low  frequencies  of  the  turbulence  (<  25  Hz) 
allowed  all  the  measurements  to  be  made  with  12.5  um 
diameter  chromel-alumel  thermocouple  probes.  The  traver¬ 
sing  gear  enabled  one  probe  to  be  moved  relative  to  the 
other  in  any  of  the  three  coordinate  directions  while 
the  whole  assembly  could  be  moved  to  any  point  ir.  the 
boundary  layer.  The  two  probes  were  always  arranged  so 
that  their  supports  were  in  a  streamvise  plane  but  in¬ 
clined  at  L50  to  the  upstream  direction,  one  probe  on 
each  side.  Thus,  only  in  the  most  intense  turbulence 
was  the  downstream  probe  in  the  wake  of  any  part  of  the 
upstream  probe,  except  the  actual  junction. 

The  thermocouple  signals  were  amplified,  filtered 
at  50  Hz  and  then  digitised  at  100  Hz  with  a  resolution 
of  1A096,  which  corresponded  to  approximately  0.025  °C. 
The  digital  data  was  recorded  on  magnetic  tape  for  later 
processing  on  a  large  main-frame  computer.  The  amplifi¬ 
cation  and  digitisation  system  was  calibrated  before 
each  experiment  by  utilising  known  signals  in  place  of 
the  actual  thermal  e.m.f.s. 

The  record  lengths  were  typically  10  minutes  and 
this  together  with  the  digitisation  at  L  times  the 
highest  significant  frequency  of  the  turbulence  meant 
that  for  any  given  experiment,  sufficient  data  were 
available  to  give  statistically  significant  results  even 
when  filtered,  time  delayed,  cross-correlations  were 
needed. 

All  the  computation  of  correlations  was  done  using 
fast  fourier  transform  techniques  although  a  few  sets  of 


Figure  1  Regions  of  the  Boundarv  Layer 


Figure  2  Estimated  Distributions  of  Significant  Quan- 
tites  across  the  Boundary  Layer  (not  to  scale) 


data,  were  also  submitted  to  the  direct  multiplication 
program  used  by  Cheesevright  and  Doan,  for  comparison 
purposes.  'Box-car'  filtering  in  the  frequency  domain 
was  used  to  generate  the  filtered  cross  correlations. 

When  the  spanwise  correlation  data  was  being  exa¬ 
mined  in  order  to  find  the  mean  spacing  and  frequency  of 
low  speed  streaks  and  bursts,  the  long  period  correla¬ 
tions  proved  to  be  inconclusive  so  the  variable  interval 
short  period,  time  averaging  technique  developed  by 
Gupta  et  al  (1971)  was  used.  After  a  number  of  trials 
an  averaging  period  of  1.021  s  was  used  in  the  estima¬ 
tion  of  the  spacing  and  one  of  10.21  s  in  the  estimation 
of  the  frequency. 


Correlations  with  probe  separation  m  the  stream- 
wise  direction  were  in  very  close  agreement  with  those 
reported  by  Cheesewright  and  Doan  (1978)  and  are  not 
shown  here.  However,  it  is  of  interest  to  consider  the 
convection  velocities  implied  by  the  streamwise  space- 
time  correlations.  Figure  3  shows  the  velocities  as  a 
function  of  probe  separation,  for  a  number  of  different 
distances  from  the  wall  and  the  corresponding  mean  velo¬ 
cities  are  shown  for  comparison.  It  is  notable  that  for 
y  > 25  mm  the  convection  velocities  are  greater  than  the 
local  mean  velocity. 

I  X  s  2.3  m 


EXPERIMENTAL  RESULTS 

The  notation  used  by  Tritton  (1967)  is  used  to  de¬ 
fine  the  correlations  and  when  reference  is  made  to  the 
'fixed'  probe  it  is  always  the  one  at  the  smallest  x 
and  y.  The  probe  separations  are  thus  always  positive 
and  the  sign  of  the  time  delay  is  taken  so  that  the 
sign  of  the  convection  velocity  is  consistent  with  the 
main  co-ordinate  system. 
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Figure  3  Streanwise  Convection  Velocities 
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Figure  5  Optimum  Time  Delay  Distributions 
Normal  to  the  Wall 
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Figure  L  Space-time  Correlations  Normal  to  the  Wall 
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Figure  6  Filtered  Space-time  Correlations  i 
the  Streamwise  Direction 
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Data  obtained  with  probe  separations  normal  to  the 
wall  were  subjected  to  time  delayed  correlation  and  a 
typical  example  is  shown  in  Figure  1  for  the  fixed  probe 
at  2  am  from  the  wall  (at  the  outer  edge  of  the  viscous 
sublayer).  The  negative  optimum  time  delay  is  sugges¬ 
tive  of  a  structure  inclined  away  from  the  wall  and 
Figure  5  which  shows  the  optimum  time  delay  as  a  function 
of  the  fixed  probe  position  an<*  the  separation  confirms 
that  this  phenomenon  is  present  only  in  the  near  wall 
region. 

Following  suggestions  by  Cheesewright  and  Doan 
(19T8),  the  effect  of  filtering  the  correlations  was  in¬ 
vestigated.  Figure  6  shows  filtered  space-time  corre¬ 
lations  in  the  streamwise  direction.  These  were  computed 
using  a  fixed  bandwidth  of  0.2  Hz  rather  than  a  propor¬ 
tional  bandwidth,  but  the  results  should  not  be  signifi¬ 
cantly  different .  There  is  more  scatter  in  the  filtered 
correlation  data  but  the  trends  are  clearly  evident, 
with  larger  correlations  at  lower  frequencies  (larger 
eddies).  Filtered  correlations  normal  to  the  wall 
showed  a  similar  behaviour. 

The  optimum  time  delays  for  the  filtered  correla¬ 
tions  were  evaluated  and,  contrary  to  what  has  been  sug¬ 
gested  by  a  number  of  authors,  they  do  not  seem  to  show 
a  consistent  frequency  dependence  (Figure  7)  except  at 
the  lowest  frequency. 

In  order  to  explore  the  near  wall  structure  of  the 
flow  further,  correlations  were  made  with  both  stream- 
wise  and  normal  separations  and  isocorrelation  contours 
were  constructed.  Figure  8  shows  smoothed  isocorrela¬ 
tion  contours  of  the  spatial  correlations  and  again  there 
is  a  clear  indication  of  a  structure  which  propagates  at 
an  angle  to  the  wall.  The  isocorrelation  contours  with 
optimum  time  delay  are  less  revealing,  but  the  smoothed 
optimum  time  delay  contours  shown  in  Figure  9  serve  to 
further  establish  the  structure. 

The  probability  that  the  above  observations  were 
associated  with  low  speed  streaks  and  'bursting'  of  the 
type  observed  in  forced  flows  suggested  an  examination 
of  s panwise  correlations.  An  example  of  the  correla¬ 
tions  is  shown  in  Fig. 10. 

When  the  spanwise  correlation  data  were  subjected 
to  short  period  averaging  as  suggested  by  Gupta  et  al 
(1971)  much  clearer  indications  of  a  spanwise  structure 
emerged.  Table  1  shows  the  estimated  wavelength  and 
period  as  a  function  of  the  distance  from  the  wall,  with 
the  standard  deviations  of  the  estimates  given  in  each 
case.  The  estimates  of  the  wavelength  were  based  on 
correlations  of  the  order  of  0.25,  while  those  for  the 
period  were  based  on  correlations  of  0.2  so  that  in  each 
case  we  may  be  confident  that  the  results  are  statisti¬ 
cally  significant. 


TABLE  1:  Wavelength  and  Period  of  Spanwise  Structure 


Distance  from  the  wall  y/mm 

6 

8 

10 

15 

20 

1*0 

Mean  wavelength  i/mm 

71 

71* 

73 

76 

79 

81 

Standard  deviation  H 

31 

27 

25 

28 

27 

25 

Mean  period  Tg/s 

3.6 

3.3 

3.3 

3.3 

3.0 

3.5 

Standard  deviation  % 

53 

56 

55 

63 

50 

U8 

It  is  unfortunate  that  data  were  not  obtained  at 
smaller  distances  from  the  surface,  but  an  extrapolation 
of  the  trend  in  the  data  suggests  a  wavelength  of  the 
order  of  65  mm  at  the  outer  edge  of  the  sublayer. 

It  may  be  noted  here  that  the  above  data  form  only 
one  part  of  an  investigation  of  both  the  transitional 
and  fully  turbulent  parts  of  the  natural  convection  boun¬ 
dary  layer  which  is  fully  reported  in  the  PhD  thesis  of 
the  second  author  (Dastbaz  (1983)).  The  work  relating 
to  the  transition  region  is  expected  to  be  reported  at 
the  8th  Australasian  Fluid  Mechanics  Conference,  Dec. 
1903. 

DISCUSSION 

Very  near  the  wall  in  a  turbulent  natural  convection 
boundary  layer,  the  flow  is  dominated  by  wall  shear 
stress  effects  and  it  is  not  surprising  therefore  that 
the  present  investigation  suggests  that  the  near  wall 
structure  is  similar  to  that  found  in  forced  flows.  The 
pattern  of  'short  time  averaged',  spanwise  correlations 


is  very  similar  to  that  found  by  Gupta  et  al  (1971). 
However,  the  dimensionless  wavelength  is  in  the  range 
250  to  350  (the  uncertainty  in  the  value  of  the  wall 
shear  stress  is  rather  large)  but  most  probably  near  to 
the  lower  value.  This  compares  with  the  value  of  100 
which  is  often  quoted  for  forced  flows. 

In  a  similar  way,  the  dimensionless  period  is  of  the 
order  of  700  (Tg  v/uT2)  and  again  is  different  to  values 
usually  quoted  for  forced  flows.  Alternatively  it  has 
been  argued  that  the  period  should  scale  with  the  para¬ 
meters  of  the  outer  flow  rather  than  with  the  wall  para¬ 
meters.  Tg  u^/J  has  a  value  of  approximately  10  as 
compared  with  the  value  of  5  which  is  often  quoted  for 
forced  flows.  If  the  displacement  thickness  is  used  in 
place  of  the  boundary  layer  thickness,  the  dimensionless 
period  is  approximately  23  as  compared  with  the  value  of 
32  quoted  by  Rao  et  al  (1971)  for  forced  flows. 

It  is  interesting  that  the  wavelength  of  the  span- 
wise  structure  shows  a  small  but  steady  increase  with  in¬ 
creasing  distance  from  the  wall,  just  as  in  forced  flows, 
despite  the  fact  that  from  y  «  10  mm  onwards  (y+  =  35) 
local  conditions  are  certainly  different  to  those  in 
forced  flows  as  may  be  seen  by  reference  to  Figures  1  and 
2.  This  seems  to  imply  that  the  major  features  of  the 
structure  must  be  associated  with  the  viscous  sublayer 
region. 

At  first  sight  there  does  not  seem  to  be  any  indi¬ 
cation  in  the  data  presented  here,  of  unusual  effects  due 
to  the  characteristics  of  the  flow  which  were  highlighted 
in  Figures  1  and  2.  This  lack  of  effect  also  extended  to 
the  spectra  of  the  temperature  fluctuations  which  were 
closely  similar  at  all  positions  between  2  mm  from  the 
wall  and  50  mm  from  the  wall.  There  is  however  one 
feature  which  is  peculiar  to  this  flow  and  that  is  shown 
in  Figure  3,  where  it  may  be  seen  that  streamwise  convec¬ 
tion  velocities  in  the  outer  flow  are  consistently 
greater  than  the  local  mean  velocity.  This  may  be  ex¬ 
plained  if  we  consider  the  probable  characteristics  of 
the  bursts  which  are  implied  by  the  spanwise  correlation 
data. 

Bursts  vould  be  expected  to  originate  from  near  the 
outer  edge  of  the  viscous  sublayer  and  the  isocorrelation 
contours  in  Figure  8  suggest  that  the  initial  motion  is 
inclined  at  an  angle  of  15  to  20°  away  from  the  wall.  As 
a  burst  moves  away  from  the  wall  it  will  be  subjected  to 
two  accelerating  influences,  firstly  it  will  be  moving 
into  a  region  of  higher  velocity  and  secondly  it  will 
comprise  relatively  hot  fluid  moving  into  a  cooler  region 
and  therefore  being  accelerated  by  buoyancy  forces.  These 
two  accelerating  forces  will  continue  to  act  on  the  fluid 
in  a  burst  until  it  is  some  way  beyond  the  peak  in  the 
mean  velocity  profile,  but  since  in  this  region  the  velo¬ 
city  is  decreasing  with  increasing  distance  from  the  wall, 
the  force  due  to  the  influence  of  the  local  mean  velocity 
will  change  sign  and  it  will  become  a  retarding  force. 

By  this  time  the  fluid  in  the  burst  will  be  travelling 
faster  than  the  local  mean  velocity. 

It  is  not  certain  to  the  authors  whether  the  shape 
of  the  optimum  time  delay  contours  (Figure  9)  is  due  to 
the  above  described  characteristics  of  the  bursts  or 
whether  it  is  due  to  the  existence  of  counter-rotating 
streamwise  vertices  which  have  often  been  associated  with 
problems  of  streaks  and  bursts  in  forced  flows. 

CONCLUSIONS 

1.  The  near  wall  structure  of  a  turbulent  natural  con¬ 
vection  boundary  layer  is  closely  similar  to  that  in 
forced  flows  although  the  scales  are  different. 

2.  The  structure  of  low  speed  streaks  and  bursts  seems 
to  be  closely  tied  to  conditions  in  the  viscous  sublayer 
and  not  much  influenced  by  detailed  conditions  in  the 
outer  flow. 

3.  The  outer  flow  consistently  shows  convection  velo¬ 
cities  which  are  greater  than  the  local  mean  velocity. 
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ABSTRACT 

Heat  transfer  mechanism  and  associated  turbulence 
structure  in  the  near-wall  region  of  a  turbulent 
boundary  layer  have  been  investigated  experimentally. 
With  the  aid  of  temperature-sensitive  liquid  crystal  and 
hydrogen  bubble  method,  the  wall  temperature  fluctuation 
and  the  flow  structure  are  visualized  simultaneously  to 
study  directly  the  heat  exchange  between  the  fluid  and 
the  wall.  The  structure  of  temperature  field  near  the 
wall  is  further  studied  by  the  measurement  of  cross 
correlation  of  temperature  fluctuations  in  the  spanwise 
and  streamwise  directions.  All  of  these  experimental 
results  show  that  the  turbulent  temperature  field  near 
the  wall  has  a  feature  very  much  similar  to  the  flow 
structure  in  the  viscous  wall  region,  e.g.,  the 
streamwise  elongated  structure  with  a  quasi-periodicity 
in  the  spanwise  direction,  and  are  compatible  with  what 
is  known  about  the  streamwise  sublayer  vortices 
previously  studied. 

NOMENCLATURE 

Coh2  square  of  coherence,  Eq.(5) 

F  bursting  frequency,  1/ms 

f  frequency,  Hz 

fv  -U**/V,  Hz 

k  mass  transfer  fluctuation 

N  number  of  event 

R  correlation  coefficient 

Tg  bursting  period,  s,  Eq.(l) 

t  time,  s 

Uoo  free  stream  velocity,  m/s 

u  velocity  fluctuation  in  x-direction,  m/s 
u*  friction  velocity,  m/s 

v  velocity  fluctuation  in  y-direction,  m/s 

w  velocity  fluctuation  in  z-direction,  m/s 

x  streamwise  coordinate 

y  coordinate  normal  to  the  wall 

z  transverse  coordinate 

6  boundary  layer  thickness  (0.99UM),  mm 

6t  thermal  boundary  layer  thickness,  mm 
<5*  displacement  thickness 

0  momentum  thickness ,  mm,  or 

temperature  fluctuations,  °C 
A  spanwise  spacing  between  streaks 

w  kinematic  viscosity,  m2/a 

0  standard  deviation 

Superscripts 

(  )+  non-dimenslonalized  with  u*  and  v 
(  )'  root-mean-square  value 

Subscripts 

(  )f  low-speed  streaks 
(  )t  high-temperature  streaks 
(  ) |w  at  the  wall 


INTRODUCTION 

In  the  wall  region  of  a  turbulent  boundary  layer, 
characteristic  intermittent  turbulence  motions  are  the 
ejection  of  low-momentum  fluid  from  the  wall  and  the 
inrush  of  high-momentum  fluid  towards  the  wall  (sweep), 
i.e.,  the  bursting  phenomena  [1-3].  In  the  region 
further  close  to  the  wall,  the  fluid  motion  is  much 
affected  by  the  molecular  viscosity  and  there  appear 
so-called  low-  and  high-speed  streaks.  Characteristic 
spatial  and  time  scales  of  such  streaks  are  known  to  be 
statistically  deterministic  [1-4],  but  the  turbulent 
motions  associated  with  streaky  structures  are  also 
highly  intermittent  and  non-isotropic.  While  the 
ejection  and  sweep  motions  during  the  bursting  process 
have  an  important  role  upon  not  only  turbulent  momentum 
flux  [2,5]  but  also  turbulent  heat  flux  [5,6],  the 
relationship  between  the  coherent  streaky  structure  and 
the  heat  transfer  mechanism  has  not  been  clear  enough, 
due  to  the  fact  that  the  temperature  field  has  been 
mainly  studied  by  the  point  type  measurement  up  to  the 
present.  Flow  field  and  wall  pressure  fluctuation  have 
been  visualized  to  reveal  many  important  features  of 
wall  turbulence  [7]  which  are  difficult  to  obtain  by  the 
point  type  measurement. 

In  this  study,  with  the  use  of  liquid  crystal 
technique  [8,9]  combined  with  the  hydrogen  bubble 
method,  the  wall  tempetature  fluctuation  as  well  as  the 
flow  structure  is  visualized  simultaneously  to  study 
directly  the  heat  exchange  between  the  wall  and  the 
fluid  with  an  emphasis  on  streaky  structures  near  the 
wall.  In  addition,  the  temperature  fluctuations  are 
measured  by  a  conventional  thermocouple  probe  to  obtain 
the  cross  correlations  in  the  spanwise  and  streamwise 
directions. 


EXPERIMENTAL  APPARATUS  AND  PROCEDURES 

All  the  experiments  have  been  carried  out  in  a 
low-speed  closed-loop  water  channel  [10]  and  the 
measurement  has  been  made  in  the  2m-long  test  section, 
shown  in  Fig.l,  which  is  attached  to  the  end  of  the 
nozzle  (  contraction  ratio  is  9:1  )  of  the  water 
channel.  The  test  section  is  made  of  transparent 
plexiglas  and  has  a  cross-section  of  0.3m  x  0.3m.  One 
of  the  vertical  side  walls  of  the  channel  is  used  as  s 
working  wall  on  which  the  turbulent  boundary  layer  is 
developed.  Pressure  gradient  in  the  streamwise 
direction  is  removed  by  a  additional  roof  plate 
installed  in  the  test  channel.  The  cylindrical  rod  of 
4om  in  diameter  is  introduced  at  the  inlet  of  the  test 
channel  to  promote  boundarv  layer  transition. 


The  test  plate  for  the  visualization  of  wall 
temperature  fluctuation  shown  in  Fig. 2  is  installed  at 
the  position  1600mm  downstream  of  the  inlet  of  test 
section.  Four  stainless  steel  foils,  each  of  them  300mm 
in  lengh,  45mm  in  width  and  30um  in  thickness,  are 
bonded  by  epoxy  adhesive  to  the  surface  of  a  bakelite 
plate  and  connected  electrically  in  series.  Constant 
heat  flux  heating  is  achieved  by  A.C.  suppiy  into  these 
foils.  A  liquid  crystal  sheet,  which  is  composed  of 
polyester  sheet  of  50um  thickness,  liquid  crystal  layer 
and  black  paint  [9,10],  is  attached  flush  on  the 
heater,  and  the  total  thickness  of  these  materials  is 
about  lOOum.  Thus,  the  wall  temperature  fluctuation  is 
visualized  as  a  color  change  of  liquid  crystal.  The 
upper  limit  of  frequency  range  in  this  experiment,  where 
the  color  change  can  be  recognized,  is  estimated  as 
about  2Hz  [9],  and  is  approximately  equal  to  the 
frequency,  where  the  spectrum  of  streaowise  velocity 
fluctuation  is  one  tenth  of  its  maxium  value  [10], 

The  hydrogen  bubble  method  is  used  for  flow 
visualization.  The  cathode  is  a  tungusten  wire  and  the 
pulse  interval  of  D.C.  supply  is  controlled  as  0.1  sec. 
Presently,  transverse  and  vertical  wires  are  used  in  the 
region  about  1750mm  downstream  of  the  tripping  rod.  The 
transverse  wire  of  20um  in  diameter  is  positioned 
perpendicular  to  the  flow  direction  and  parallel  to  the 
wall,  while  the  vertical  wire  of  50um  in  diameter  is 
positioned  perpendicular  to  the  wall. 

For  the  quantitative  measurement  of  temperature 
fluctuation,  copper-constantan  thermocouples  of  50um  in 
diameter  are  used.  The  frequency  response  is  fast 
enough  and  is  estimated  to  be  flat  up  to  about  120Hz> 
Signals  obtained  are  recorded  on  a  FM-type  tape 
recorder,  TEAC  R210-B,  through  a  DC  amplifier  and  a  35Hz 
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Figure  1.  Schematic  of  the  test  section. 
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Figure  2.  Test  plate  for  the  simultaneous  visualization 
of  wall  taaperature  fluctuation  and  flow  field. 


low-pass  filter.  The  resultant  frequency  response  of 
this  system  is  35Hz  (“fv/2.47).  The  analogue  signals 
are  digitized  at  a  sampling  rate  of  100Hz,  stored  on  the 
magnetic  tapes,  and  successively  processed  by  a 
mini-computer  system,  MELC0M  70/25.  'Fixed  probe'  and 
'moving  probe1  are  used.  The  location  of  the  fixed 
probe  is  1.75m  downstream  of  the  trip  and  right  above 
the  center  line  of  the  test  plate.  The  moving  probe  is 
traversed  relative  to  the  fixed  probe  in  the  spanwise 
and  streamwise  directions,  with  the  same  distance  from 
the  wall  as  the  fixed  probe.  A  thermocouple  is  soldered 
on  the  backside  surface  of  stainless  steel  foil  heater 
to  measure  the  wall  temperature  fluctuation.  In  this 
case,  liquid  crystal  sheet  is  not  attaced  on  the  heater 
surface  to  assure  higher  frequency  limit  than  the  liquid 
crystal  technique. 

Basic  experimental  conditions  are  shown  in  Table  1. 
The  mean  flow  velocity  is  measured  by  the  Pitot  tube  of 
a  boundary  layer  type  and  an  inclined  U-tube  manometer 
of  two  fluid  type  (water  and  benzene).  The  free  stream 
turbulent  intensity  measured  by  a  hot-film  anemometer 
system,  DISA  55M10,  is  about  2Z,  while  the  water 
temperature  is  kept  at  20°C.  At  the  location  of 
measurement  1.75m  downstream  from  the  trip,  the  flow 
field  is  confirmed  to  be  two-dimensional  in  the  central 
60mm  region  and  the  turbulent  boundary  layer  is  fully 
developed  [10].  The  friction  velocity  is  determined  by 
the  Clauser's  chart.  In  the  present  experiment,  only 
the  streamwise  300mm  length  of  the  test  plate  is  heated 
with  a  uniform  heat  flux,  and  the  thermal  boundary  layer 
thickness  is  9.4mm  (y+»87)  at  the  half  length  of  the 

heated  plate.  Thus  the  thermal  contamination  is 
confined  deep  into  the  turbulent  boundary  layer  so  that 
the  structure  of  near-wall  region  is  mainly  studied. 
Heating  is  always  slight  and  the  temperature  can  be 
recognized  as  a  passive  contaminant. 


Table  1.  Basic  data  of  the  turbulent  boundary  layer. 


U.  6  6  6  IV^  H  £  S, 

m/»  mm  mm  mm  v  v  V _ S _ m/%  ** 

0.204  50  6.8  4.9  1370  990  1.4  9  35«ltf]  9.4 


experimental  results  and  discussion 


Simultaneous  Visualization  of  Flow  Structure  and  Wall 
Ter..--.ature  Fluctuation 


A  typical  photograph  of  the  simultaneous 
visualization  is  shown  in  Fig. 3,  where  the  location  of 
transverse  wire  is  at  y+»6.  The  streaky  structures  of 
high-speed  fluid  and  low-speed  fluid  are  observed 
appearing  alternatively  in  the  spanwise  direction  and 
being  elongated  in  the  streamwise  direction.  The  wall 
temperature  fluctuation  visualized  by  the  liquid  crystal 
also  indicates  streaky  pattern,  and  the  thermal  field 
consists  of  high-temperature  streaks  (black  in  Fig. 3  but 
actually  blue)  and  low-temperature  streaks(white  but 
actually  orange).  These  thermal  streaks  are  observed 
more  or  less  periodically  in  the  spanwise  direction  and 
elongated  in  the  streamwise  direction  much  same  as  the 
momentum  streaks.  The  streamwise  extent  of  these 
thermal  streaks  is  about  1000-2000v/u*  and  is  by  an 
order  of  magnitude  longer  than  the  spanwise  spacing.  In 
the  16mm  motion  pictures  taken  in  this  experiment,  every 
thermal  streak  appears  randomly  in  space  and  time  and 
vanishes  out  after  some  timespan  in  which  it  moves 
downstream.  It  is  qualitatively  confirmed  that  the 
high-temperature  streaks  are  mostly  associated  with  the 
low-speed  streaks  and  low-temperature  streaks  with  the 
high-speed  streaks. 
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Figure  6-(a).  Typical  appearance  of  high-temperature 
streak  associated  with  lift-up  event. 


Figure  6-(b).  Typical  appearance  of  low-temperature 
streak  associated  with  sweep  event. 
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The  correspondence  between  the  thermal  and  momentum 
streaks  is  shown  in  Fig. 4,  as  a  function  of  a  distance 
from  the  wall.  These  data  have  been  obtained  from  20-40 
streaks  in  the  8  still  photographs  taken  at  each 
position  over  2.  losec.  (*187Wu*'3 )  by  using  a 
motor-driven  camera.  These  correspondence  is  remarkable 
in  the  region  y+£lO  and  more  than  70%  of  the  thermal 
streaks  are  uniquely  associated  with  the  prescribed 
momentum  streaks.  But  these  tight  relationship  fades 
out  in  the  region  y+>30  due  to  the  disappearence  of 
streaky  structures.  These  results  agree  with  the 
observation  that  the  center  of  the  streamwise  vortices 
associated  with  the  bursting  phenomena  lies  at 
approximately  y+-20-30  [11]  (also  see  Fig. 10).  A 
conceptual  model  of  the  relationship  between  the 
coherent  streaky  structures  and  thermal  streaks  is 
presented  in  Fig. 3. 

Simultaneous  observations  of  the  wall  thermal 
streaks  and  the  flow  pattern  in  the  x-y  plane  are  given 
by  using  the  vertical  hydrogen-bubble  wire  as  shown  in 
Fig. 6.  Fig.6-(a)  indicats  a  typical  pattern  that  the 
high-temperature  streak  is  associated  with  the  lift-up 
event  [1],  which  is  presently  defined  as  the  case  that 
the  lift-up  motion  of  low-speed  streak  and  the 
inflectional  point  of  time  lines  appear  within  the  area 
x+«100  downstream  of  the  wire.  On  the  other  hand, 
Fig.6-(b)  indicates  that  the  low-temperature  streak  is 
formed  by  the  sweep  event,  i.e.,  the  appearance  of  large 
fluid  element  toward  the  wall  in  the  region  y+£50  within 
x+-100  downstream  of  the  wire.  While  82  couples  of 
photograph  have  been  obtained,  the  high-temperature 
streaks  have  appeared  with  70%  of  the  total  lift-up 
events,  and  the  low-temperature  streaks  with  72%  of  the 
sweep  events. 

From  the  experimental  results  described  above,  the 
heat  exchange  between  the  wall  and  the  fluid  is 
considered  primarily  ruled  by  the  streaky  stractures  in 
the  region  at  least  y+^10.  Under  the  present  constant 
heat-flux  condition,  the  instantaneous  local  heat 
transfer  coefficient  is  relatively  small  and  large  at 
the  high-  and  low-temperature  streaks,  respectively. 
When  the  local  inrush  towards  the  wall  is  induced  by  the 
streamwise  vortices  [11-13],  the  local  wall  temperature 
is  rapidly  decreased,  and  this  results  in  the  formation 
of  the  elongated  low-temperature  streak  with  the 
streamwise  convection  of  low-temperature  high-momentum 
fluid.  During  this  streamwise  convection,  the  fluid  is 
decelerated  by  the  wall  shear  and,  at  the  same  time, 
heated  by  the  wall  heat  flux,  and  this  results  in  the 
high-temperature  low-momentum  streak  which  is  eventually 
ejected  from  the  wall  by  the  streamwise  vortices. 


Spanwise  Spacing  of  Streaks 

The  16mm  motion  pictures  with  the  transverse  wire 
positioned  at  y+»4  are  analyzed  on  a  screen  of  a  motion 
analyzer.  The  spanwise  spacing  of  low-speed  streaks, 
if,  is  sampled  and  measured  in  every  10  flames  (at  an 
interval  of  0.417sec»36u/u*3).  The  total  average 
spacing  is  89v/u*,  and  the  probability  density 
distribution  is  well  approximated  by  a  lognormal 
distribution  (3,10).  These  experimental  results  are  in 
good  agreement  with  the  values  obtained  in  previous 
studies  [1-4].  (In  Ref. [4],  measured  values  of  have 
been  summarized.) 

In  order  to  determine  the  spanwise  spacing  of  the 
thermal  streaks  quantitatively,  high-  and 

low-temperature  streaks  are  defined  in  the  following 
manner  as  shown  in  Fig. 7.  a  threshold  is  the  border 
between  green  and  orange-yellow,  and  is  presently  equal 
to  30.9°C.  Uncertainty  of  i0.35'C,  however,  lies  in 
identifying  whether  the  lo^al  wall  temperature  is  below 
or  beyond  this  threshold.  High-temperature  streaks  are 
defined  as  the  regions  where  the  temperature  is  higher 
than  the  threshold.  The  spanwise  spacing  of 
high-temperature  streaks,  is  defined  as  the  distance 
between  the  centers  of  two  neighboring  high-temperature 

streaks.  The _ time-averaged  temperature  of  liquid 

crystal  layer,  Tp£,  depends  on  the  heat  flux  given  at 
the  wall,  while  the  free  stream  temperature  is  kept 
constant,  '&•  »20°C.  Hence,  the  experimental  results  of 


tufc  mean  and  the  stndard  deviation  of  Aq-  are  obtained 
for  various  heat  fluxes,  i.e.,  various  wall 
temperatures,  as  shown  in  Fig. 8.  It  is  easily 
understood  that  the  mean  spacing  between  the  thermal 
streaks  thus  defined  is  independent  of  the  mean 
temperature  level  of  the  .surface  liquid  crystal  layer  in 
the  temperature  range  of  Tj_c  between  the  case  of  (C)  and 
(D).  The  value  measured  is  81Wu*  and  agrees  well  with 
that  of  momentum  strekas,  89Vu*.  It  is  noted  that  the 
probability  density  distribution  can  also  be 
approximated  as  a  lognormal  distribution.  Under  the 
present  experimental  condition  of  constant  wall 
heat-flux,  the  wall  temperature  fluctuation  can  be 
recognized  straightforward  as  the  fluctuation  of  local 
heat  transfer  coefficient.  In  other  words,  the  heat 
transfer  coefficient  also  has  a  quasi-periodicity  of 
Ap- 81  in  the  spanwise  direction,  but  this  result  is 
different  from  the  result  of  Shaw  and  Hanrattv  [14], 
where  the  mass  transfer  fluctuation  has  not  been 
directly  related  to  the  momentum  transport  in  the 
viscous  sublayer  (also  see  Fig. 11), 
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Figure  7.  High-  and  low-temperature  streaks  defined  by 
the  threshold  of  color  change. 


Figure  8.  Mean  spacing  and  its  standard  deviation  of 
high-temperature  streaks. 


Frequency  of  the  occurance  of  Streaks 


The  visual  break-up  frequency  of  the  low-speed 
streak  [1]  is  counted  in  the  motion  pictures  with  the 
transverse  wire  located  at  y+-4.  The  result  is  shown  as 
a  straight  line  in  Fig. 9,  which  indicates  the  frequency 
of  F»80  (1/ms).  The  passing  frequency  of 
low-temperature  streak  is  also  counted  with  the  wall 
temperature  range,  where  the  measured  spanwise  spacing 
is  constant  as  described  previously.  The  results  are 
also  included  in  Fig. 9,  where  a  good  agreement  is 
obtained  between  the  break-up  frequency  of  the  low-speed 
streak  and  the  passing  frequency  of  the  low-temperature 
streak.  These  results  again  suggest  that  the  turbulent 
motions  of  sublayer  vortices  .which  lead  to  the 
formation  of  the  low-  and  high-speed  streaks,  produce 
the  similar  pattern  of  wall  temperature  fluctuations 
show  in  Fig. 3. 
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If  the  Bursting  period  is  defined  by  the  following 
equation; 

Tg  -  l/FAf  U) 

then  it  is  1.3sec  (»112v/u*2)  in  the  present  experiment 
and  is  in  agreement  with  the  values  obtained  previously 
[1,2,4]. 
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lhe  result  of  the  stremwise  correlation  at  y+  «  5.5 
is  shown  in  Fig. 12.,  where  a  positive  correlation  can  be 
found  as  far  as  Ax+»1100.  This  length  scale  is 
qualitatively  in  agreement  with  the  streamwise  extent 
which  has  been  visually  confirmed  by  the  liquid  crystal 
technique  (see  Fig. 3).  It  also  agrees  with  the  length 
scale  suggested  by  Kreplin  and  Eckelmann  [12J.  The 
curve  for  the  temperature  fluctuations  at  y*»5.5  is 
again  similar  to  :: at  for  the  spanwise  velocity  gradient 
rather  than  the  streamwise  velocity  gradient,  even 
though  the  data  by  Meek  and  Baer  is  considerably 
different  from  the  present  result.  All  of  these  results 
of  spatial  temperature  correlations  suggest  not  only  the 
existence  of  streamwise  sublayer  vortices  [11-14]  but 
also  their  important  role  on  the  heat  transfer  mechanism 
in  the  viscous  wall  region. 

In  order  to  analyze  the  frequency  range,  of  which 
the  above  cross  correlations  are  composed,  the  coherence 
is  obtained  by  using  the  following  equation; 

coh2(f)  .  ]012|2/0,0,  (3) 

In  Eq.(5),  is  a  cross  spectrum  of  0;  and  02,  while 
Si  and  02  are  spectra  of  0i  and  02 ,  respectively. 
Numerical  data  reduction  has  been  carried  out  by  using 
FFT  and  Hanning  filter.  As  a  result,  it  can  be  said 
that  the  component  of  an  order  of  the  bursting  frequency 
must  be  a  main  contributor  to  the  coherent  transport 
mechanism  in  the  viscous  sublayer. 


Figure  9.  Comparison  of  the  passing  frequency  of 
low-temperature  streaks  with  the  break-up  frequency  of 
low-speed  streaks. 


Temperature  Fluctuation  in  the  Viscous  Wall  Region 


The  structure  of  the  temperature  fluctuation  is 
investigated  by  the  analyses  of  cross  correlations.  The 
cross  correlation  coefficient  between  wall  temperature 
fluctuations  and  fluid  temperature  fluctuations  is 
defined  as  follows; 

Rewe  “  57/eve‘  ^ 


The  result  is  shown  in  Fig. 10  as  a  function  of  a 
distance  from  the  wall.  This  figure  also  include  the 
correlation  coefficient  of  spanwise  velocity 
fluctuations  measured  by  Blackwelder  and  Eckelmann  [11]. 
The  temperature  correlation  shows  a  rapid  decrease  in  the 
region  of  yT£10  and  gradually  approaches  zero  without 
any  negative  value,  in  contrast  to  the  spanwise  velocity 
fluctuations.  This  discrepancy  is  considered  primarily 
due  to  the  difference  between  the  measured  variables, 
i.e.,  a  scalor  and  a  spanwise  vector,  respecti“ely. 

The  spanwise  and  streamwise  cross  cor.'-.at  ons  are 
defined  as; 


Rq6(Az)  •  0(z)0(z+&z)/0(z)0’(z+Az)  (3) 


R00(4x)  .  6(x)^x+Ax)/0'(x)0'(x+Ax)  (4) 

The  present  result  of  spanwise  correlation  is  shown  in 
Fig. 11  along  with  the  related  data  obtained  by  previous 
works  [12,  14,  15].  At  the  edge  of  viscous  sublayer,  y+ 
■  5.5,  there  are  a  negative  peak  at  the  distance  of 
6z+«50,  and  a  positive  small  peak  near  around  at 
Az^-lOO.  Thus  the  quasi-periodicity  with  a  period  of 
about  Az+«100  can  be  confirmed.  As  the  distance  from  the 
wall  increased,  the  distance  which  gives  the  first 
zero-crorsing  increases,  and  a  negative  correlation  is 
hardly  oiserved  beyond  y+«34.  The  present  data  at 
y+"5.5  are  very  much  similar  to  the  correlations  of  the 
spanwise  velocity  gradient  fluctuation  at  the  wall,  but 
nwt  so  much  to  those  of  the  streamwise  velocity 
gradient.  The  data  of  the  wall  temperature  fluctuations 
by  Meek  and  Baer  [15]  and  the  mass  transfer  fluctuations 
by  Shaw  and  Hanratty  [14]  are  somewhat  different  from 
the  present  data. 


Figure  11.  Spanwise  correlations  of  the  temperature 
fluctuations. 
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Figure  12.  Streamwise  correlations  of  the  temperature 
fluctuations. 


Figure  13.  Coherence  <jf  the  temperature  fluctuation. 


CONCLUSIONS 
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viscous-wall  region,  at  least  y+*10. 
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ABSTRACT 


Previous  experiments  (Eolovandin  et  al. 
1983)  revealed  a  sign  reversal  of  streamwise 
velocity  derivative  skewness  S^  ^  in  the 


outer  part  of  turbulent  wake,  whioh  was  presu¬ 
mably  attributed  to  the  presenoe  of  large-sca- 
le  orderly  motions.  This  paper  presents  the 
third-order  statistics  of  streamwise  derivati¬ 
ves  of  velocity  and  temperature  fluctuations 
measured  in  the  temperature  wake  of  ellipsoid. 

A  qualitative  analysis  of  simultaneous  velocity 
and  temperature  fluctuation  records  is  also  ma¬ 
de  to  identify  a  possible  shape  of  the  repre¬ 
sentative  large-scale  eddy  structure. 


INTRODUCTION 


It  is  known  (see,  e.g.,  Tavoularis  et  al. 
1978)  that  a  negative  skewness  of  streamwise 
velocity  derivative  8u1/3x1  is  a  ubiquitous  fe¬ 


ature  of  turbulenoe  caused  by  generation  of  re¬ 
latively  small-scale  turbulent  velooity  field 
vorticity CO  by  vortex  stretching.  One  of  the 


most  intriguing  results  of  our  previous  inves¬ 
tigation  (Kolcvandln  et  al.  1983)  was  a  posi¬ 
tive  sign  of  Sj  in  the  periphery  region 


of  an  axisymmetrio  wake.  It  has  been  assumed 
then  that  the  vortioity  "sink"  effect  of  rela¬ 
tively  amall-eoale  turbulenoe  is  caused  by  the 
orderly  structures.  Further  experiments  reveal¬ 
ed  the  existence  of  repeating  features  in  the 
shape  of  streamwise  velooity  fluctuation  sig¬ 
nal  in  the  outer  region  of  the  wake.  The  u,- 
signal  in  this  region  looks  like  a  series  1  of 
randomly  arising  positive  peaks  with  different 
slopes  at  the  leading  and  trailing  edges.  The 
net  contribution  of  these  peaks  to  the  mean  va¬ 
lue  of  (3uj/3x^)^  is  positive,  so  it  is  reaso¬ 


nable  to  assume  that  they  are  responsible  for 
the  observed  sign  reversal  of  derivative  skew¬ 
ness.  The  existence  of  repeatable  features  in 
the  peak  shape  was  attributed  to  the  organized 
motion  In  the  wake.  (The  results  of  the  above 
experiments  are  not  presented  here  and  will  be 
published  elsewhere).  To  get  more  information 
on  organized  motion,  it  was  decided  to  study 
some  properties  of  the  passive  scalar  (tempera¬ 
ture)  field  in  the  wake. 


This  paper  presents  some  results  on  the 
third-order  statistios  of  streamwise  derivati¬ 
ves  of  velooity  and  temperature  fluctuations 
measured  in  the  axisymmetrio  turbulent  wake  of 
an  ellipsoid  with  temperature  field  generated 
by  lnjeotlon  of  a  heated  jet.  It  inoiudes  also 


a  qualitative  analysis  of  simultaneous  velooi¬ 
ty  and  temperature  fluctuation  records  made  to 
identify  some  features  of  typioal  "eddies" 
responsible  for  the  observed  anomalous  trend 
of  velocity  derivative  skewness. 

EXPERIMENTAL  SETUF 

The  experimental  facility  used  was  essen¬ 
tially  the  same  as  that  described  by  Eolovandln 
et  al.  (1983). 

A  turbulent  axisymmetrio  wake  was  genera¬ 
ted  by  an  ellipsoid  of  revolution  with  the 
main  axes  ratio  6:1  and  the  midsection  d  « 

0.03  m  at  ■  U-d/j  =  1.88  104(tU  *  10  m/s). 
The  temperature  field  in  the  wake  was  generat¬ 
ed  by  a  hot  jet  injected  into  the  region  of 
the  rear  stagnation  point  of  the  ellipsoid. 

The  temperature  of  the  jet  at  x  «=  x,/d  =  0.1 
was  about  60°C  in  exoess  of  the  ambient  tem¬ 
perature  .  The  measurements  were  made  downstre¬ 
am  of  the  ellipsoid  within  the  range  of  the 
longitudinal  coordinate  3<Cx<70  at  two  jet 
velocities:  "strong"  injection  (Cd*  0.021)  and 

"weak"  injection  (Cfl  *  0.0385),  where  Cd  * 

■  4  J^1(U1-tta)+  3  -  u|]  XgdXg/l^d2  is  the 
drag® coeff ioient. 

Velooity  fluctuations  were  measured  with 
a  standard  DISA  55P11  5  Jim  dia.  and  1.2  mm 
long  not  wire  probe  operated  by  a  DISA  55M01 
constant  temperature  anemometer.  Temperature 
fluctuations  were  measured  with  a  DISA  55P31 
ljum  dia.  and  0.4  mm  long  "oold  wire"  operat¬ 
ing  at  a  oonstant  current  of  0.7  mA.  Sensors  of 
velocity  and  temperature  prooes  were  placed 
normal  to  tne  mean  flow  direction  0.6  mm  apart. 
The  compensation  of  temperature  sensitivity  of 
velocity  sensor  was  made  by  summing  up  the 
weighted  temperature  and  velocity  signals  us¬ 
ing  an  analog  summing  device. 

The  velocity  and  temperature  signals  were 
amplified,  differentiated  and  low-pass  filter¬ 
ed  before  being  digitized  at  a  sampling  rate  of 

2-104  samples/s.  The  streamwise  derivatives  of 
velooity  and  temperature  were  inferred  from 
temporal  derivatives  using  the  Taylor  hypothe¬ 
sis.  The  digitized  signals  from  an  8  bit  A/D 
converter  were  stored  on  7.25  1!  byte  magnetic 
discs.  The  data  processing  was  carried  out  on 
114030  oomputer. 

DERIVATIVE  STATISTICS 

The  measurements  of  the  temperature  deri¬ 
vative  skewness  Sj^/ax  were  carried  out  in  or- 


der  to  verify  the  degree  of  the  local  isotropy 
of  temperature  field.  As  it  follows  from  the 
previous  measurements  (see,  e.g.,  Sreenivasan 
and  Tavoularis,  1980;  Tavoularis  and  Corrsin, 
1981),  the  skewness  of  3t/3x^  ,  which  for  an 

isotropic  field  is  equal  to  zero,  is  not  such 
for  a  wide  range  of  turbulent  flows  including 
quasi-homogeneous  ones  behind  a  heated  grid. 
This  may  signify  either  a  departure  from  the 
local  isotropy  of  small-scale  turbulenoe  at 
moderate  values  of  turbulent  Beynolds  and  Feo- 
let  numbers  ,5).  («  qXy/S  )  and  B,  (*  qA^/ae  )» 

(where  q2*  Uj^  is  the  doubled  kinetic  energy  of 
turbulenoe,  Xu  and  are  the  velocity  and 

temperature  mioroscales)  in  the  oase  of  homo¬ 
geneous  turbulenoe  or  be  the  consequence  of 
the  statistical  nonstationarity  of  large-scale 
structures  in  the  shear  flows.  For  quasi-homo¬ 
geneous  flows  it  was  shown  that  /  0 

if  and  only  if  both  the  transverse  meai  velo¬ 
city  and  mean  temperature  gradients  are  non¬ 
zero  and  the  sign  of  sg-t/3x  is  determined  by 

the  relationship  (TavoulariJ  and  Corrsin  1981) 
sgn  S^g  ■  -  sgn(3n1/8x2)sgn(3T/8x2). 

In  order  to  verify  this  relationship  in 
strongly  nonhomogeneous  turbulenoe,  the  measu¬ 
rements  of  the  skewness  of  3t/3xi  in  a  non  - 

isothermal  wake  behind  the  ellipsoid  of  revolu¬ 
tion  were  made  for  two  different  velocities  of 
the  injeoted  jet.  The  downstream  evolution  of 
S3t/3xi  011  walco  centerline  (figure  l)  shows 

that  the  skewness  of  3t/3xi  corresponds  to  the 
sign  of  mean  velocity  gradient  in  the  core  of 
the  flow  under  consideration:  Sg^/gx-^  0  for 

the  jet  and  Sg-t/aij^ 0  *0T  tlie  ***“•  At  *  suf¬ 
ficiently  large  distanoe  from  the  body,  the  va¬ 
lue  of  increases,  while  the  numbers  Ex 

and  P\  decrease.  This  fact  is  in  agreement  with 
the  results  of  other  investigations  referred  to 
in  the  paper  by  Sreenivasan  and  Antonia  (1977). 


The  transverse  distribution  of  S 


3t/3xi  » 
proach  o 
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Figure  1.  Downstream  evolution  of  S«.  at 
C^*  0.0385  and  0.021:  •,  x*3;  a,  x=5;  o  , 

x*7;  ■  ,  x-iO;  e  ,  x«15;  o  ,  x=20;  B  ,  x=30; 

A  ,  x«40;  »  ,  x=50;  A  ,  x=60;  4  ,  x*70;  0  . 
x*80  (crossed  symbols  correspond  to  Cfl=  0.021), 


.  r 


in  figure  2,  demonstrates  the  approach  of  the 
profile  of  *g-t/gx^(r)  to  sane  self-similar  form 

at  a  sufficiently  large  distanoe  downstream  of 
the  body.  The  data  of  figures  1  and  2  confirm 
the  relationship  of  Tavoularis  and  Corrsin 
(1981)  for  the  flow  considered.  As  was  shown 
earlier  (Sreenivasan  and  Antonia  1977;  Gibson 
et  al.  1977  and  a  number  of  subsequent  studies) 
the  nonzero  skewness  of  dt/dx^  can  be  attribu¬ 
ted  to  the  presence  of  large  -  aoale  orderly 
structures  in  the  shear  flow  (manifesting  it¬ 
self  in  a  ramp-like  temperature  signal).  How¬ 
ever,  as  far  as  the  authors  know,  a  systematic 
dependence  of  the  local  nonhomogeneity  of  sca¬ 
lar  field  on  such  structures  is  lacking. 

Along  with  sg^/gx^  *  statistical  para¬ 
meters  of  velocity  andtemperature  derivatives 
measured  in  the  present  experiment  include 

S3u1/3xar_and -  - -  1/2 - , 


ST  -  (3i1/8x)(3t/3x1)ii/(3u1/3x1)2  (dt/Bx^2. 

In  local  isotropic  turbulence  these  quantities 
determine  the  rate  of  generation  of  mean-squar¬ 
ed  vorticity  or  velocity  field  to  f,  and  the  si- 
mllar  parameter  for  temperature  field  to)  t  ,  res¬ 
pectively.  So  it  was  interesting  to  see  whether 
would  have  the  same  trend  as  S^u^3z^. 

In  order  to  ensure  the  highest  possible 
accuracy  in  evaluation  of  the  above  parameters, 
preliminary  investigations  were  carried  out  on 
the  choice  of  the  optimum  frequency  band  and 


•  M  m* 

m  •  #  . 


Figure  2.  Eadiai  profiles  of  Sg^g^  normalized 
by  the  centerline  values  •  ^  ”  x2^?  /4  ls 

the  dimensionless  transverse  coordinate,  6 

radial  distance  at  which  the  mean  squared  tem¬ 
perature  r  equals  a  quarter  of  its  axial  va¬ 
lue;  — ,  seii-simiiar  lorm  of  tae  profile;  the 
symbols  as  in  figure  1. 

averaging  time  for  each  measuring  point  in  the 
oross-section.  The  averaging  time  increased  to¬ 
wards  tne  outer  part  of  the  wake.  The  duration 
of  digital  reoords  (150  s  in  the  outer  region) 
was  sufficient  to  ensure  the  stability  of  mo¬ 
ments  of  the  velocity  and  temperature  derivati¬ 
ves.  Corrections  of  the  measured  values  for 
electronic  noise  were  also  made. 

The  transverse  distribution  of  the  para¬ 
meter  Sgul/axi  «  presented  in  figure  3,  gives 

a  good  evidence  for  its  sign  reversal:  on  the 
wake  periphery  Sgu^ygx^  changes  its  negative 

sign  to  the  opposite  one.  In  the  case  of  the  lo- 
oal  isotropy  this  would  be  indicative  of  the 


Figure  3.  Radial  distributions  of  S, 


,(o), 

the 


au1/ax1v 

ST(*),  R>.(h)  and  (a)  at  x*20.  r-Xg/d  is  i 

dimensionless  ooordinate.  Numerals  (from  1  to 
5)  on  the  r  axis  correspond  to  the  points  whe¬ 
re  an  analysis  of  time  histories  is  made. 


vortlcity  sink  of  a  relatively  small-ecale  ve¬ 
locity  field,  i.e.  the  reverse  transport  of 
energy  over  the  energy  spectrum:  from  relative¬ 
ly  small  to  larger  vorticles.  At  the  same  time, 
the  radial  distribution  of  ST  differs  from 

that  of  SQu  -  it  tends  monotonieally  to 

zero  towards  the  outer  part  of  the  wake,  where 
the  temperature  fluctuations  are  absent.  It 
should  be  noted  that  the  observed  behaviour  of 
Sdui/3x  is  oon8is'fcen't  *ibb  the  experimental 

results  ^reported  by  Reiohert  and  Azad  (.1979), 
who  detected  the  sign  reversal  near 

the  outer  edge  of  the  turbulent  boundary  layer 
developing  over  the  inlet  section  of  the  tube . 
It  seems  to  be  the  only  information  on  this 
quantity  distribution  in  the  outer  edges  of 
turbulent  shear  flows.  As  to  the  parameter  ST, 

its  behaviour  In  the  wake  oore  agrees  with  the 
reported  experimental  data  for  different  types 
of  flow  (see,  e.g.,  Van  Atta  1974)  at  moderate 
Rv  and  F>t  numbers,  though  the  fact  of  its  dis¬ 
appearance  in  the  outer  region  at  Rx^oCRx* 

—5  1/2 

*»1  X  u  /N*  30),  10  and  +  0  is 

also  a  ourious  one. 

TIKE  HISTORIES  AND  EDDY  STRUCTURE 

Additional  information  on  the  eddy  struc¬ 
ture  of  the  wake  can  be  obtained  from  the  ana¬ 
lysis  of  the  temperature  field  characteristics. 
This  analysis  was  based  on  qualitative  compa¬ 
rison  of  simultaneous  traoes  of  velocity  and 
temperature  fluctuation  signals  in  some  typi¬ 
cal  points  of  the  flow  chosen  as  follows: 

(1)  Point  1  -  at  the  wake  centerline  (r  ■  0); 

(2)  Point  2  -  at  the  wake  oore  where  essential 
decrease  of  ^ % ^  relative  to  its  oen- 

terllne  value  ocours  (r  *  0.6); 

(3)  Point  3  -  in  the  region  where  S*,.  /Vr,  is 

olose  to  zero  (r  ■  0.8);  011 1'  0  1 


(4)  Point  4  corresponds  to  the  maximum  trans¬ 
verse  gradient  of  3aUl/^XlCr  *  0.9); 

(5)  Point  5  corresponds  to  the  positive  extre¬ 

mum  of  radial  />„.  distribution  (r  * 
1.2).  Sui/dxi 

The  positions  of  these  points  are  shown 
in  figure  3.  Digital  records  of  velocity  and 
temperature  were  made  at  x  =  x^/d  ■  20.  At 

this  section  the  dimensionless  wake  half -widths 

%?/4  *  and  ^£2/4  =  ^/4/d  based  on 

radial  u^  and  t  distributions  are  6^^”  093, 

■  0.81.  The  section  under  consideration  seems 
to  be  quite  representative  for  such  an  analy¬ 
sis,  with  the  S/N  ratio  being  here  still  ac¬ 
ceptable.  Typical  parts  of  the  stored  signals 
have  been  chosen  and  computer  plotted,  because 
of  the  space  limitations,  only  a  few  typical 
u^  and  t  records  are  presented.  In  figure  4(a), 
for  eaoh  pair  of  traces  the  point  number  and 
scale  factor  U  are  given,  the  latter  being 
used  prior  to  computer  plotting  when  the  ampli¬ 
tudes  of  the  events  are  too  small.  The  dura¬ 
tion  of  each  trace  is  0.0256  s  (1  division  a 
2.56  ms). 

The  time  histories  of  figure  4(a)  are 
useful  to  explain  the  observed  Sgu  and  Sj 

distrioution  trends  as  well  as  to  the 

possible  structure  or  large  eddies.  These  tra¬ 
ces  show  how  the  uj-signal  changes  from  a  ful¬ 
ly  stochastic  on  the  wake  axis  (point  1)  to  an 
intermittent  one  with  regularly  shaped  peaks 
at  the  wake  periphery  (points  4  and  5).  As  was 
noted,  the  positive  sign  of  streamwise  veloci¬ 
ty  derivative  skewness,  saUl/aXl>  can  be  ex“ 

plained  by  the  existence  of  regular  positive 
peaks  in  streamwise  velocity  signals  in  the 
outer  region  of  the  wake.  Clear  evidence  of 
this  was  obtained  from  visual  inspection  of  si¬ 
multaneous  computer  plots  of  ui  and  (Su-j/dxi)-)! 
which  are  not  presented  here.  An  example  of 
such  a  peak  is  given  by  the  uj-trace  for  point 
5  in  figure  4(a).  xhe  trailing  edge  of  the 
peak  is  somewhat  steeper  than  the  leading  one 
thus  oauslng  the  essential  difference  of 

■  (3uj/3xi)^  at  the  peak  edges.  Similar  peaks 
can  also  be  observed  in  points  3  and  4  but  less 
pronounced,  though  their  occurrence  rate  seems 
to  be  somewhat  higher.  As  the  measuring  point 
moves  towards  the  wake  axis,  the  relative  con¬ 
tribution  of  the  positive  peaks  to  (3ui/3xi)^ 
gradually  decreases  while  that  of  turbulence 
increases.  In  point  3,  the  positive  contribu¬ 
tion  of  regular  peaks  is  approximately  the  sa¬ 
me  as  the  negative  contribution  of  relatively 
high-frequency  stochastic  fluctuations,  so  that 
in  the  point  considered  sqUi/-qx  »  0.  In  the 

wake  core  S^Ul/^xl  becomes  negative,  i.e.  has 

the  usual  sign  which  is  typical  of  turbulent 
flows. 

In  point  2,  low-frequency  negative  velo¬ 
city  fluctuations  appear  in  the  ui~slgnal. 

First  these  were  regarded  to  be  fully  stochas¬ 
tic,  but  later,  when  simultaneous  two-point 
velocity  traoes  had  been  examined,  it  became 
clear  that  there  was  a  strong  correlation  bet¬ 
ween  the  negative  peaks  in  the  wake  core  and 
the  positive  ones  on  the  wake  periphery.  An 
example  of  such  correlation  is  given  in  figure 
4(b),  where  the  traces  of  the  un-fluctuations 
for  pointB  4  and  2  are  presented. 

Examination  of  uj  and  t  time  histories 
showB  that  in  the  outer  part  of  the  wake  the 
temperature  fluctuations,  if  present,  always 
aocompany  the  velocity  peaks.  So  it  is  natural 
to  assume  that  Sj,  being  similar  to  3gUi/^x  » 

would  also  have  the  sign  reversal  in  the  wake 
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Figure  4(b).  Two-point  velocity  traces  at  the 
wake  cross-section,  x  =  20. 

periphery.  But  the  effect  of  the  parameter  ST 
sign  reversal  is  not  pronounced  enough  in  our 


experiments. 


»  0.05  only  in  point  4,  see 


Figure  4(a).  Digital  plots  of  velocity  and  tem¬ 
perature  fluctuations  at  various  radial  posi¬ 
tions  in  the  wake  oross-seotion,  x  «  20. 


figure  3).  In  order  to  explain  this  fact,  a 
large  number  of  ui  and  t  traces  were  carefully 
analyzed.  It  was  found  that  in  point  4  the  re¬ 
gular  velocity  peaks  are  sometimes  correlated 
with  the  positive  large-scale  temperature  fluc¬ 
tuations,  while  sometimes  the  latter  are  ab¬ 
sent  at  all.  The  case  of  the  coincidence  of 
these  signals  in  point  4  is  shown  in  figure 
4(a).  In  point  5,  the  temperature  fluctuations 
are  not  observed  though  distinct  positive  re¬ 
gular  peaks  are  present.  Thus,  the  contribution 
of  these  regular  structures  to  is  negligi¬ 
ble  which  results  in  the  different  behaviour 
of  S9uI/8x1  ^  ST* 

The  data  on  the  value  and  sign  of  the  pa¬ 
rameters  sgUl/aXl  and  ST  ,  as  well  as  the  u^ 

and  t  traces  allow  one  to  imagine  the  detected 
large-scale  structures  as  torroid-like  vortices 
the  generalized  image  of  which  is  depicted  in 
figure  5  (numerals  1-5  here  correspond  to  the 
positions  'of  the  points  in  which  the  traces 
were  registered): 

-  in  point  2,  located  near  the  lower  edge  of 
the  vortex  core,  the  vortex  generates  (see 
the  corresponding  oscillogram)  a  negative  ve¬ 
locity  peak,  which  is  due  to  the  opposite  di¬ 
rection  of  the  longitudinal  velocities  of  the 
main  stream,  U^,  and  °*  the  vortex,  u^;  tn 
this  point,  the  positive  temperature  fluctua¬ 
tion  is  attributed  to  a  more  heated  liquid 
being  captured  by  the  vortex  from  the  wake 
axis  region; 

-  in  point  3,  located  nearly  at  the  vortex  co¬ 
re  center,  there  develops  a  positive  veloci¬ 
ty  peak  with^a  smooth  front  caused  by  a  slow 
increase  of  'ui(xi)  in  the  vortex  core  and  a 
sharp  trailing  edge  followed  by  a  negative 
part  of  the  fluctuation  caused,  probably,  by 
the  shape  of  the  vortex  "back" ; 

-  in  point  4,  located  at  the  upper  edge  of  the 
vortejc  core,  the  similar  positive  velocity 
peak  ui(r)  causes  a  rise  of  temperature,  with 
relatively  smail-soale  temperature  fluctua¬ 
tions  being  absent  here,  since  the  point  con¬ 
sidered  is  beyond  the  boundary  of  the  ther¬ 
mal  wake; 

-  in  point  5,  located  at  the  edge  of  the  outer 
shell  of  the  vortex,  the  velocity  fluctuati¬ 
ons  are  cue  to  regular  vorticies  rusning  past 
the  point  of  observation;  in  this  point,  the 
stochastic  velocity  and  temperature  signals 
are  not  observed,  i.e.  turbulenoe  is  absent 
in  tne  point  considered. 


Van  Atta,  C.W.,  1974,  "Influence  of  Fluctua 
tions  in  Dissipation  Hates  on  Some  Statist! 
oal  Properties  of  Turbulent  Scalar  Fields", 
Atmos.  Ocean  Fis.,  10,  712. 
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Figure  p.  Sketch  or  a  typical  large-scale  vor- 
xex  in  xhe  wake  or  an  axisymmexric  body: ttTis 

xhe  yeiocixy  rector  of  the  vortex;  uj_  ,  xhe 
streamwise  component  or  vexoo.ty  generated  by 
the  vortex;  T,  the  mean  temperature;  ^  ,  the 

thiokness  of  momen turn  wake;  S*  ,  the  thickness 
of  scalar  wake. 


C  OHC  LUS IOHS 

All  of  the  conclusions  on  the  possible 
shape  of  the  large-scale  structure  responsible 
for  the  observed  trends  in  and  S^ 

distributions  were  based  on  the  qualitative 
interpretation  of  ui  and  t  plots.  An  addition¬ 
al  quantitative  analysis  is  clearly  needed.  It 
is  believed  that  further  valuable  information 
can  be  gained  from  conditional  sampling,  mul¬ 
tiprobe  arrays  and  spatial  correlation  measu¬ 
rements  . 
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ABSTRACT 

Measurements  of  the  turbulence  in  the  recirculating 
flow  region  have  been  made  for  an  axisymmetric  confined 
jet.  Based  on  the  results  of  such  experiments,  discus¬ 
sions  are  given  to  the  physical  background  of  the  fact 
previously  found  such  that  the  maximum  heat  transfer 
occurs  within  the  recirculating  flow  region.  Some 
further  discussions  are  also  given  to  the  structure  of 
the  turbulence  in  the  recirculating  flow  region. 

INTRODUCTION 

The  wall  heat  transfer  was  found  to  be  very  much 
augmented  by  the  generation  of  recirculating  flows  by 
Krall  and  Sparrow  (1966)  for  the  tube  flow  in  the  down¬ 
stream  of  an  inserted  orifice  and  by  Kang  et  al  (1979) 
for  confined  jets.  Thus,  it  is  of  practical  importance 
to  study  on  the  mechanism  of  wall  heat  transfer  in  such 
partially  recirculating  flows.  The  simultaneous  visual¬ 
ization  by  Kang  et  al  (1982)  of  surface  flow  and  wall 
temperature  revealed  that  the  maximum  heat  transfer 
position  does  not  necessarily  coincide  with  the  reattach¬ 
ment  point  of  average  flow  stream  line  in  the  cases  of 
partially  separated  flows.  This  was  successfully 
predicted  by  Kang  and  Suzuki  (1982)  and  Suzuki  et  al 
(1982)  through  the  numerical  prediction  employing  the 
k-c  two-equation  model  of  turbulence  for  both  of  the  two 
types  of  the  flows  studied  by  Krall  and  Sparrow  and  by 
Kang  et  al.  From  the  results  of  these  numerical  coopu- 
taions,  a  conjecture  was  given  for  the  physical  back¬ 
ground  of  this  spatial  separation  between  the  maximxn 
heat  transfer  position  and  the  average  flow  reattachment 
point.  The  inactive  viscous  sublayer  controlling  the 
major  part  of  heat  transfer  resistance  was  guessed  to  be 
activated  by  the  near  wall  turbulence  which  was  predict¬ 
ed  to  be  highest  in  intensity  within  the  recirculating 
flow  region. 

In  the  present  study,  the  measurements  of  the  turbu¬ 
lence  in  the  recirculating  flow  regions  have  been  initi¬ 
ated  for  the  axisymmetric  confined  jet  with  the  Laser 
Doppler  Anemometer  to  prove  the  above  mentioned  conjec¬ 
ture  and  to  get  deeper  insight  into  the  heat  transfer 
mechanism  in  the  turbulent  recirculating  flow  region. 

In  this  first  stage  of  the  experiments,  attention  has 
been  paid  only  to  the  streamwise  averaged  and  fluctuat¬ 
ing  velocity  components.  The  present  experimental  data 
will  also  be  compared  with  the  numerical  results  and  the 
experimental  data  reported  previously. 

CKmtlNBTTAL  APPARATUS  AMD  PROCEDURE 

An  axisymmetric  confined  jet  is  a  coaxial  jet  issued 
into  a  concurrent  stream  flowing  in  a  circular  tube. 

This  is  a  kind  of  partially  recirculating  flow,  when 
the  moamntoi  ratio  between  the  central  jet  and  the  con¬ 
current  stream  is  high  enough,  a  reversed  flow  appears 
near  the  tube  wall  at  some  distance  from  the  central  jet 


nozzle.  Turbulence  measurements  have  been  made  in  this 
recirculating  flow  region.  The  size  of  the  recirculating 
flow  region  can  easily  be  changed  only  by  changing  the 
above  mentioned  momentum  ratio.  This  is  the  major  reason 
why  the  confined  jet  has  been  chosen  as  the  test  flow  in 
the  present  study. 


Figure  1  Outlines  of  Test  tube 
and  Measuring  Devices 
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Table  1  Experimental  Conditions 

The  experimental  apparatus  used  in  the  present  study 
is  schematically  shown  in  Figure  1.  Different  from  the 
previous  studies,  a  water  flow  test  loop  was  newly  con¬ 
structed  for  the  present  purpose  and  a  small  amount  of 
milk  was  introduced  into  the  water  flow.  Finely  dis¬ 
persed  milk  droplets  serve  as  the  scattering  particles. 

Experiments  were  made  at  the  three  flow  rate  condi¬ 
tions  tabulated  in  Table  1 .  U j  and  Uf  in  the  table  are 
respectively  the  outlet  average  velocity  of  central  jet 
and  the  one  of  the  concurrent  stream.  Ct  is  the  Craya- 
Crtet  number,  a  similitude  parameter  of  the  flow  pattern 
and  heat  transfer  as  shown  by  Becker  et  al  (1963)  and  by 
Kang  et  al  (1979) ,  and  is  defined  as  follows; 
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*0  in  the  above  general  definitions  of  U4  and  U*  is  the 
cross  sectional  area  of  the  tube  at  X  •  0 ,  the  outlet 
position  of  the  nozzle.  The  values  of  the  characteris¬ 
tic  velocity  C*  and  the  Reynolds  number  based  on  U*  and 
on  the  tube  diameter  D  are  also  shown  in  Table  1.  The 
tube  inner  diameter  and  the  central  nozzle  outlet  port 
diameter  used  in  the  present  study  are  120nm  and  S  mm, 
respectively.  In  the  case  of  the  axisysnetric  confined 
jet,  the  recirculating  flow  appears  when  Ct<0.7. 
Therefore,  the  range  of  Ct  chosen  in  this  experiment 
covers  the  flow  patterns  both  with  and  without  recircu¬ 
lating  flow. 

In  Figure  1  are  also  shown  the  outlines  of  the 
amasuring  system.  50raw  He-Ne  Laser  was  used  as  the 
light  source.  To  detect  the  reversed  flow  velocity, 

40MHz  optical  frequency  shift  was  given  first  by  making 
use  of  a  Bragg  cell  to  one  of  the  two  beams  separated 
with  a  beam  splitter.  The  intersection  angle  of  the  two 
beams  was  kept  constant  at  5.71  degree  in  air  in  all  the 
experiments  and  the  position  of  the  beam  intersection 
or  the  measurement  control  voluae  was  determined  by 
calculation  following  the  geometrical  optics. 

The  scattered  light  signal  from  the  measuring 
control  voliaas  at  the  intersection  of  the  two  Laser  beams 
was  detected  with  a  photcaniltiplier  and  the  detected 
optically  shifted  signal  was  shifted  down  in  frequency 
electronically  with  a  frequency  shifter  DISA  55N10  by  an 
appropriate  magnitude  in  order  to  secure  the  linearity 
between  the  output  signal  and  the  flow  velocity.  The 
frequency  signal  was  converted  into  voltage  signal  with 
a  frequency  tracker  OISA  55N20.  The  output  signal 
corresponding  to  the  flow  velocity  and  the  "drop-out" 
signal  from  the  tracker  ware  recorded  on  a  digital  mag¬ 
netic  tape  recorder.  These  digitized  signals  were 
afterward  processed  with  a  digital  computer  discarding 
the  portion  of  the  velocity  signal  in  tha  drop-out  phase. 
The  discarded  portion  of  tha  signal  was  lass  than  twenty 
percent  of  the  total  length  of  the  recorded  signal. 

Tha  calibration  of  tha  measuring  system  was  perform¬ 
ed  in  the  outlet  flow  from  an  orifice  inserted  into  the 
same  flow  loop.  The  magnitude  of  an  error  caused  by  the 
signal  broadening  due  to  several  possible  causes  was 
evaluated  referring  to  Durst  et  al  (1976) .  in  this 
evaluation,  the  value  of  the  dissipation  rata  of  tha 
turbulence  kinetic  energy  computed  with  a  schema  used  by 
Kang  and  Suzuki  (1978)  was  assigned  to  its  required 
value.  The  level  of  such  an  error  was  confirmed  to  be 
a  negligible  order  of  magnitude. 
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Figure  2  Radial  Profile  of  Streamwise 
Averaged  Velocity 


experimental  data  will  be  compared  with  the  corres¬ 
ponding  numerical  results  computed  with  the  k-c  two- 
equation  model  of  turbulence.  In  this  coaputation,  a 
scheme  used  by  Kang  and  Suzuki  (1978,  1982)  was  used. 
This  is  a  modified  version  of  2/E/FIX  developed  by  Pun 
and  Spalding  (1976) .  The  turbulence  modal  used  in  this 
computation  consists  of  the  following  two  equations  for 
k  and  t. 
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The  finite  difference  analogues  of  these  equations  were 
solved  numerically  together  with  those  of  the  momentum 
equations  for  the  axial  and  radial  velocity  components. 
For  the  computation  of  heat  transfer,  an  additional 
equation  for  the  enthalpy  was  also  solved  simultaneously. 

EXPERIMENTAL  RESULTS  AND  DISCUSSIONS 

In  figure  2  is  shown  how  the  radial  profile  of  the 
measured  streamwise  velocity  develops  with  the  axial 
distance  from  the  nozzle.  The  abscissa  of  the  figure  is 
the  axial  distance  downstream  from  the  outlet  port  of  the 
central  jet  nozzle,  non-dimensionalized  with  the  tube 
diameter  D.  In  the  case  when  Ct-0.82,  there  appears  no 
average  flow  reversal,  but  in  other  two  cases  of  smaller 
Ct  niaber,  a  recirculating  flow  region  is  found  to  exist. 
At  Ct-0.50,  the  reversed  flow  is  found  near  the  tube 
wall  at  the  positions  of  X/D-1.83-  2.83.  In  the  last 
ease  when  Ct-0.26,  the  reversed  flow  starts  already  from 
X/D-1.33.  The  recirculating  flow  region  expands 
upstream  with  the  decrease  of  Ct  value,  agreeing  with  the 
experimental  results  with  a  pitot-tube  by  Becker  et  al 
(1963) .  The  dashed  curves  in  the  figures  show  the  com¬ 
puted  results.  As  seen  in  the  figures,  the  experimental 
and  numerical  results  agree  fairly  well  with  each  other 
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in  two  cases  of  higher  value  of  Ct  number .  The  velocity 
decay  in  the  central  part  of  the  jet  delays  in  the  com¬ 
putation  in  the  case  of  the  highest  momentum  ratio 
between  the  central  jet  and  the  concurrent  stream  (  Ct  ■ 
0.26).  This  feature  of  the  numerical  results  with  the 
k-c  two-equation  model  of  turbulence  was  previously 
pointed  out  by  Kang  and  Suzuki  (1978) .  In  Figure  3  are 
compared  the  present  results  on  the  position  where  the 
axial  velocity  is  zero  with  the  counterparts  given  by 
Becker  et  al  (1963) .  Fair  agreement  can  be  found  between 
the  two  experimental  results  although  the  measuring  means 
are  different  from  each  other.  The  predicted  zero  aver¬ 
aged  velocity  contour  is  indicated  to  agree  rather  better 
with  the  present  results,  for  example,  in  a  point  that 
the  front  edge  of  the  separation  bubble  is  located 
upstream  of  the  corresponding  results  by  Becker  et  al. 

The  measured  fluctuation  intensity  of  the  stream- 
wise  velocity  u'  is  plotted  in  Figure  4  in  the  form 
normalized  with  the  characteristic  velocity  U*.  The 
value  of  U*  is  strongly  related  to  the  excess  momentum 
of  central  jet.  The  central  part  of  u'  profile  at  X/D  « 
1.33  is  of  a  shape  akin  to  that  for  the  free  jet,  in  all 
the  three  cases  of  different  Ct  number,  while  it  becomes 
almost  flat  in  shape  at  the  position  of  largest  X/D. 

The  dashed  curves  in  Figure  4  show  the  value  of  /2k/3 
computed  with  the  scheme  explained  in  the  above.  The 
nusMrical  results  qualitatively  follow  the  experimental 
data  shown  in  the  figures.  Quantitatively,  the  numerical 
results  are  lower  than  the  experimental  counterparts . 

One  of  the  reasons  for  this  is  connected  with  a  fact  that 
the  value  of  u'  should  be  higher  than  /2k/3  in  turbulent 
shear  flows. 

Paying  attention  to  the  u'  value  obtained  at  the 
points  closest  to  the  tube  wall,  y  -  R  -  r  *  4nmi,  its  axial 
distribution  differs  from  one  case  to  another  depending 
on  the  value  of  Ct.  In  the  case  of  Ct-0.82  when  no 
recirculating  flow  region  appears,  it  increases  toward 
the  downstream  almost  monotonously.  Against  this  casa, 
in  other  two  cases  of  lower  Ct  number,  a  different 
feature  can  be  found  for  the  axial  variation  of  u'  obtain¬ 
ed  at  y  » 4mm.  Its  value  or  the  intensity  of  the  near 
wall  turbulence  becomes  maximum  at  some  position  in  the 
measured  range  of  X/D.  where  the  average  flow  has  been 
found  reversed  near  the  wall  in  Figure  2. 

In  Figure  5,  comparison  is  made  among  the  above 
mentioned  profile  of  u'  along  y  •  4mm,  the  profile  of  the 
Nusselt  number  reported  by  Kang  at  al  (1979)  and  the 
profile  of  the  coaqputed  value  of  /2k/3  again  along  y-4am. 
The  presently  measured  u'  profile  is  very  similar  in 
shape  to  the  profile  of  local  Nusselt  nisaber  at  any  case 
of  different  Ct  ntatoer .  In  the  two  cases  when  the  aver¬ 
age  flow  reversal  has  been  found  in  Figure  2,  the  maximum 
intensity  of  the  near  wall  turbulence  is  found  to  occur 
very  close  to  the  maximum  heat  transfer  position  or  to 
the  max (mas  position  of  computed  value  of  /2k/3  along 
ya4sa.  This  gives  a  proof  for  the  conjecture  mentioned 
in  the  introduction  and  the  first  aim  of  this  study  has 


Figure  3  Position  of  Zero  Axial  Velocity 


partially  been  accomplished.  In  order  to  clarify  why  the 
intensity  of  the  near  wall  turbulence  becomes  maximum 
within  the  recirculating  flow  region,  further  systematic 
experiments  are  desired  to  be  done  in  future ,  not  only 
far  the  value  of  u’  but  also  for  the  fluctuating  intensi¬ 
ties  of  other  velocity  components  v*  and  w'. 

Comparing  the  measured  profile  of  u'  and  the  com¬ 
puted  profile  of  /2k/3  plotted  in  Figure  5  with  each 
other,  the  measured  value  of  u'  is  found  about  two  times 
larger  than  the  computed  value  of  /2k/3.  Since 
k«  (u1  2  ♦  v' 3  +w*  a)  /2,  the  largest  possible  value  of  the 
ratio  u' /^2k/3  is  /3.  This  largest  value  occurs  when 
both  of  the  other  two  components  v'  and  w'  are  equal  to 
zero.  Taking  account  this  into  consideration,  the  com¬ 
puted  value  of  k  is  concluded  to  be  smaller  than  actually 
expected  value.  More  detailed  discussion  on  this  point 
would  also  require  further  informations  about  the  values 
of  v'  and  w' .  The  measurements  of  these  quantities  and 
of  the  Reynolds  shear  stress  are  now  in  progress. 

The  confined  jet  seems  to  be  a  simple  turbulent  flow 
from  the  view  point  that  the  flow  pattern  and  the  Nusselt 
number  distribution  are  characterized  by  the  similitude 
parameter  Ct.  However,  this  is  not  the  case  actually. 

The  turbulent  eddies  generated  in  the  jet  shear  layer  are 
mingled  with  the  ones  entrained  from  the  recirculating 
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Figure  4  Radial  Profile  of  Streamwise 

Velocity  Fluctuation  Intensity 
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Figure  5  Distribution  of  Nusselt  Number 
and  The  Profile*  of  u'  and 
/2k75  along  y  -  4mm. 

flow  region.  Some  of  them  flows  downstream  and  their 
structure  changes  gradually  to  the  one  pertinent  for  the 
tube  flow.  The  remaining  ones  are  brought  to  the  near 
wall  region  again  and  are  conveyed  upstream  by  the  revers¬ 
ed  flow.  In  the  course  of  this,  the  structure  of  these 
eddies  should  be  deformed  due  to  the  wall  interference. 
These  cause  non-equilibrium  in  the  structure  of  the 
eddies  existing  in  the  confined  jet  flow.  To  get  deeper 
insight  into  this  non-equilibrium  in  the  turbulence 
structure  and  its  effect  on  the  heat  transfer  mechanism, 
it  may  be  worthwhile  to  analyse  the  presently  obtained 
velocity  signal  from  different  view  points.  In  the 
following,  son*  results  obtained  so  far  in  this  line  are 
discussed. 

Simpson  et  al  (1981)  examined  the  velocity  proba¬ 
bility  F(u)  and  the  flow  reversal  intermittency  Ynu  for 
the  separating  turbulent  boundary  layer.  These  two 
quantities  were  also  calculated  in  the  present  study 
from  the  recorded  velocity  signal  and  they  are  defined 
as  follows: 

j£p<u/u‘)  d(u/u* )  •  1 

Tnu  “  ^  (»/»' )  dlu/u’l 

The  above  definition  of  the  velocity  probability  distri¬ 
bution  with  variable  band  width  proportional  to  u'  is 
introduced  in  order  to  secure  the  same  accuracy  for  its 
shape  mong  the  cases  of  different  level  of  fluctuation 
u* .  Ynu  expresses  the  fraction  of  time  that  the  flow 
velocity  is  negative  or  that  the  flow  is  reversed. 

Figure  6  shows  the  map  of  the  points  where  the 
velocity  probability  histograms  ware  examined.  The 
centre  of  each  circle  corresponds  to  such  positions.  The 
five  points  A,  8,  C,  D  and  B  are  on  the  line  y  *  4am  in 
all  the  three  figures  for  different  Ct  number,  when 
Ct-0.26,  one  of  the  above  mentioned  points,  the  point  E, 
and  other  four  points  F,  G,  H  and  I  are  chosen  so  that 
they  are  close  to  the  positions  of  sero  averaged  axial 
velocity  estimated  from  Figure  2.  In  the  same  manner, 
the  these  points  F,  G  and  H  in  the  case  of  Ct- 0.50, are 


Figure  6  Spatial  Distribution  of  Negative 
Velocity  Probability 

also  chosen  as  the  positions  where  0  is  nearly  zero.  The 
two  points  J  and  K  in  the  case  of  Ct-0.26  and  one  point 
I  in  the  case  of  ct»0.50  represent  the  positions  lying 
on  the  edge  of  the  recirculating  flow  region.  These 
points  are  also  chosen  based  on  the  profiles  shown  in 
Figure  2. 

As  seen  at  the  points  H  and  I  in  the  figure  for  the 
case  of  Ct-0.26,  the  value  of  Ynu  is  not  necessarily  O.S 
at  the  positions  where  the  averaged  axial  velocity  is 
zero.  This  suggests  that  the  velocity  probability 
histogram  to  be  obtained  there  should  be  skewed  in  shape. 
This  will  be  discussed  later  in  more  detail.  At  the 
points  where  the  average  flow  is  reversed,  the  value  of 
Ynu  is  larger  than  0.5  but  it  is  clearly  less  than  unity. 
This  means  that  the  flow  is  not  always  reversed  even 
at  such  positions.  On  the  other  hand,  at  the  points 
where  the  average  flow  velocity  is  positive,  the  value  of 
Ynu  ia  not  zero  so  that  the  flow  is  sometime  reversed  - 
The  oil  mist  flow  visualization  made  by  Kang  et  al  (1982) 
actually  reveals  that  the  instantaneous  separation  point 
varies  from  time  to  time.  The  same  would  be  true  for  the 
reattachment  point  too.  All  the  points  discussed  above 
seem  to  suggest  the  intermittent  evolvement  of  large 
eddies  which  can  alter  the  flow  direction  from  time  to 
time.  Such  eddies  wera  actually  observed  by  Barchillon 
and  Curtet  (1964) .  The  effect  of  such  large  eddies  may 
extend  even  to  the  tube  axis.  This  may  explain  such  a 
fact  that  the  value  of  Ynu  ia  not  zero  even  on  the  axis. 
This  is  seen,  for  example,  at  the  points  M  and  N  in  the 
figure  for  the  case  of  Ct-0.26.  But  this  is  a  feature 
found  noticeably  only  in  the  case  of  Ct-0.26.  In  the 
case  of  Ct  -  0.82 ,  Ynu  is  found  to  be  almost  completely 
zero  at  the  points  F,  G  and  H  on  the  tube  axis.  In  the 
case  of  Ct  ■  0.50,  it  is  not  zero  at  the  three  points  on 
the  axis  J,  K  and  L  but  is  very  close  to  zero. 

The  feature  of  the  value  of  Ynu  lastly  discussed  may 
have  the  relation  with  the  axial  distribution  of  the 
intensity  of  the  streamwise  velocity  fluctuation  on  the 
tube  axis.  The  latter  is  shown  in  Figure  7  for  the  three 
cases  of  different  Ct  number.  It  is  clearly  seen  that 
the  distribution  of  u'  along  the  tube  axis  for  the  case 
of  Ct-0.26  is  quite  different  from  those  for  other  two 
cases  of  larger  Ct  number,  especially  in  the  case  of  the 
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Figure  7  Axial  Distribution  of  u'/U  on  the  Axis 

largest  Ct  number,  the  value  of  u'/U  on  the  axis  distrib¬ 
utes  almost  uniformly  and  is  close  to  the  value  usually 
accepted  for  the  free  jet. 

In  Figure  8,  the  velocity  probability  histogram 
P(u/u‘)  is  plotted  for  all  the  observed  positions  of  ynu 
in  the  case  of  Ct«0.26.  P(u/u')  is  plotted  in  the 

figure  against  u  itself  so  that,  if  the  comparison  is 
made  among  the  histograms  with  the  same  scale  for  the 
abscissa,  the  area  under  the  curve  connecting  the 
evaluated  data  of  P(u/u')  is  proportional  to  the  inten¬ 
sity  u'.  In  the  figuras,  the  values  of  the  skewness 
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Figure  9  Examples  of  Velocity  Probability 
Histogram  ( Ct  •  0.50) 
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Figure  8  Examples  of  Velocity  Probability 
Histogram  (  Ct  •  0. 26  ) 


factor  F  and  the  flatnass  factor  F  calculated  for  each 
of  the  histogram  axe  illustrated  too.  The  flatness 
factor  F  and  the  skewness  factor  S  are  defined  as  follows 

F-TVu1*  ,  S-u’/u'* 

For  Gaussian  distribution,  F »  3.0  and  S  •  0.0.  Except  at 
a  faw  exceptional  positions,  the  shape  of  each  histogram 
is  not  Gaussian.  For  instance,  while  the  histogram  is 
almost  Gaussian  on  the  jet  axis  in  the  case  of  free  jet 
as  shown  by  Hetsroni  and  Sokolov  (1971) ,  the  present  re¬ 
sult  is  clearly  of  skewed  shape  even  for  the  positions  on 
the  axis  except  at  the  most  upstream  position  L.  Compar¬ 
ing  the  histograms  obtained  at  the  five  points  at  y  «■  4mm, 
those  at  the  most  upstream  and  downstream  positions  A  and 
E  are  remarkably  skewed  in  shape.  At  the  most  upstream 
position,  large  negative  velocity  occurs  more  frequently 
than  expected  from  the  Gaussian  distribution  and  the  oppo 
site  occurs  at  the  most  downstream  position.  The  same 
trends  are  also  found  among  the  results  obtained  at  the 
positions  where  the  average  velocity  is  zero,  i.e. 
positions  F,  G,  H  and  I.  The  significance  of  these 
results  is  not  clear  yet  but  it  may  be  connected  somehow 
with  the  intermittently  evolving  large  eddies  suggested 
above.  In  connection  with  this,  further  effort  to  visual 
ize  the  over-all  flow  pattern  of  confined  jet  is  now 
under  development. 

In  Figures  9  and  10  are  shown  other  examples  of 
velocity  probability  histograms  for  other  two  cases  of 
Ct  -  0. 50  and  0.82.  The  features  similar  to  those  pointed 


at. 
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Figure  10  Examples  of  Velocity  Probability 
Histogram  (  Ct  ■  0.82) 

out  in  the  above  can  be  found  among  these  results  too. 
Especially  interesting  is  that  the  velocity  probability 
histogram  is  also  skewed  in  shape  at  the  flow  reattach- 
ment  point.  There  is  a  flow  visualization  technique, 
with  a  thin  smoke  wire  located  close  to  the  wall,  of 
determining  the  flow  reattachment  point  by  searching  for 
the  place  such  that  the  negative  velocity  and  the  posi¬ 
tive  velocity  occur  with  equal  probability.  This  tech¬ 
nique  is  based  on  the  assumption  that  the  velocity 
probability  histogram  is  Gaussian  at  such  a  point.  The 
present  result  denies  this  assumption.  Therefore,  the 
utilization  of  this  technique  for  the  determination  of 
the  flow  reattachment  point  can  sometimes  be  false.  The 
position  of  the  flow  reattachment  point  reported  by  Kang 
et  al  (1982)  is  around  or  a  little  upstream  of  (X/D)  >3.5. 
In  this  flow  visualization,  oil  surface  method  was  used 
and  the  position  where  the  average  wall  shear  stress  is 
zero  was  taken  to  be  the  flow  reattachment  point.  The 
above  cited  result  for  the  reattachment  point  position 
seems  to  agree  with  the  flow  pattern  shown  in  Figure  3. 
Thus,  the  oil  surface  method  may  be  reconaended  preferably. 

CONCLUDING  REMARKS 

A  conjecture  given  previously  for  the  physical 
background  of  the  spatial  difference  between  the  maximum 
heat  transfer  position  and  the  flow  reattachment  point 
has  been  partially  proven.  The  level  of  the  near  wall 
turbulence  has  been  found  to  be  higher  within  the  recircu¬ 
lating  flow  region.  This  may  activate  the  inactive 
viscous  or  conductive  sublayer.  This  reduces  the  heat 
transfer  resistance  there  and  leads  to  higher  wall  heat 
transfer  within  the  recirculating  flow  region.  The  dis¬ 


tribution  of  u'  along  y >  4mm  close  to  the  wall  agrees 
qualitatively  well  with  the  distribution  of  >  2k/ 3  comput¬ 
ed  employing  the  k-c  two-equation  model  of  turbulence. 

But  they  do  not  agree  quantitatively  and  the  computed 
values  are  estimated  to  be  lower.  For  detailed  discus¬ 
sion  of  this,  further  experiments  on  other  fluctuating 
velocity  components  are  desirable  in  future.  Negative 
velocity  intermittency  factor  is  not  zero  at  the  posi¬ 
tions  where  the  average  velocity  is  positive.  This  is 
true  even  on  the  axis  when  the  recirculating  flow  is 
strong.  The  last  suggests  the  possibility  of  intermit¬ 
tent  evolvement  of  large  eddies  in  the  recirculating  flow 
region.  The  velocity  probability  histogram  is  noticeably 
skewed  in  shape  at  the  flow  reattachment  point  and  at 
the  separation  point.  The  skewness  of  the  velocity  prob¬ 
ability  histogram  is  also  found  at  other  position,  even 
on  the  jet  axis.  This  feature  may  also  be  connected 
with  the  possible  intermittent  evolvement  of  large 
eddies.  To  get  clear  picture  on  this,  visualization  of 
over-all  flow  pattern  may  be  necessary. 
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abstract 

Characteristic  vortex  and  turbulence 
structures  in  separated  flows  behind  two- 
dimensional  drag  bodies  can  be  demonstrated 
by  pressure-  and  especially  LDA-measurements 
on  the  basis  of  the  time-averaged  approach 
for  large  Reynolds  numbers .  The  typical  pres¬ 
sure  distributions  which  are  always  observed 
in  the  dead  water  can  be  explained  by  the 
vortex  pair.  In  theory  this  quasi-stationary 
vortex  pair  can  be  interpreted  as  a  supple¬ 
mentary  virtual  displacement  body  as  demon¬ 
strated  by  panel  calculations  of  potential 
theory.  Finally  a  simple  method,  called 
"plate-model-method" ,  is  developed  to  calculate 
the  drag  coefficient  of  sharp-edged  cylinders. 

INTRODUCTION 

The  calculation  of  flows  with  large 
separated  regions,  also  called  'dead  water', 
by  means  of  the  Navier  Stokes  equations  is 
impossible  until  now,  especially  for  low 
viscosity  or  high  Reynolds  number  flows.  The 
turbulent  boundary  layer  on  the  body  but  also 
the  turbulent  motions  in  dead  water  require 
additional  physical  information  in  form  of 
empirical  laws  to  help  solve  the  NS-equations . 

For  the  determination  of  drag  and  lift  of 
airfoils  with  dead  water  calculation  methods 
are  already  existing  (e.g.  Grashof  (1973), 

Jacob  (1976),  Gross  (1978),  Pfeiffer  and 
Zumwalt  (1981))  They  are  based  on  a  model 
proposed  by  Walr  (1940) ,  in  which  the  dead 
water  is  considered  as  a  finite,  closed  region. 
Because  of  limited  physical  knowledge  about 
the  structure  of  dead  waters,  this  and  other 


similar  models  represent  quite  an  abstraction 
of  reality,  particularly  concerning  the  extent 
of  the  separated  region,  the  pressure  distri¬ 
bution  as  well  as  the  turbulent  and  vortex 
motions.  Therefore  the  calculation  schemes 
based  on  this  idea  are  often  quite  inexact.  It 
appears  that  improvements  may  be  made  mainly 
in  conjunction  with  intensiv  experiments, 
which  until  now  are  not  submitted  in  a  suffi¬ 
cient  form. 

The  aim  of  the  experimental  and  theoreti¬ 
cal  investigations  presented  by  Leder  (1983) 
and  Geropp  (1982)  is  to  deliver  more  insight 
into  the  structure  of  separated  flows  and  the¬ 
reby  to  improve  the  dead  water  models  for 
theoretical  applications.  They  are  restricted 
to  two-dimensional  incompressible  separated 
flows  behind  flat  plates,  wedges,  circular 
cylinders  and  airfoils  at  different  angles  of 
attack  at  large  Reynolds  numbers  (Re  > 10J) .  La¬ 
ter  on  these  investigations  will  be  extended  to 
three-dimensional  cases,  which  in  general  are 
more  interesting  for  technical  applications. 

EXPERIMENTAL  ASSEMBLY  AND  MEASUREMENT  TECHNIQUE 

The  measurements  were  performed  in  a  low 
speed  wind  tunnel  (22  kw  fan-power) .  The  open 
test  section  had  an  overall  dimension  of 
460  x  460  mm’.  The  turbulence-intensity  of  the 
channel  reached  an  amount  of  1  %,  the  velocity- 
range  was  9-25  m/s.  All  investigated  profiles 
(flat  plate,  circular  cylinder,  wedges  and 
NACA  2412  airfoil)  had  a  high  number  of  pressure 
taps.  With  the  help  of  endplates  the  flow  field 
got  an  intrinsic  two-dimensional  character. 

The  pressure  distribution  in  the  dead  water 
region  was  measured  with  a  small  Prandtl  tube, 
connected  with  a  capacitive  device. 


NACA  2412 
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x :  wall-pressure  measurement  o :  probe  measurement 

FIGURE  1 .  Pressure  distributions  in  high  Re-number  flows. 


To  determine  the  time-averaged  fluid  flow 
velocity  and  direction  as  well  as  the  turbu¬ 
lence  energy  inside  the  highly  separated  region 
a  one-channel  Laser-Doppler-System,  operating 
in  backscatter-mode,  was  used.  A  computer 
controlled  the  data  sampling  from  the  counter 
via  buffer  interface,  the  positioning  of  the 
measuring  volume  and  the  storing  of  results. 

The  accuracy  of  the  LDA  measurements  presented 
reaches  a  value  of  10  %  in  the  worst  case  (in 
the  area  of  great  velocity  gradients) . 

EXPERIMENTAL  RESULTS 

Pressure  measurements 

At  first  pressure  measurements  were  per¬ 
formed  inside  the  dead  water  behind  the  in¬ 
vestigated  bodies.  Also  in  the  region  of 
highly  fluctuating  velocity  the  results  can  be 
understood  as  time-averaged  values  because  of 
the  slowness  of  the  probe.  Fig.  1  shows  the 
pressure  distributions  in  two-dimensional  flow 
for  a  NACA  2412  profile,  a  15*-and  60°-wedge, 
a  vertical  flat  plate  and  a  circular  cylinder. 

In  all  cases  the  pressure  coefficient  c^  is 
plotted  against  the  position  X/L  respectively 
X/d.  Caused  by  the  high  angle  of  attack 
(a  *  21*,  cj^  occurs  for  this  airfoil  at 
a  *  16*)  a  separated  region  is  setting  up  over 
the  suction  side.  The  nearly  constant  1 ressure 
distribution  is  an  indication  of  flow  separation. 


Near  the  trailing  edge  however  a  slight  pressure 
minimum  can  be  detected. 

A  gualitatively  similar  pattern  is  formed 
when  blowing  against  the  base  side  of  the 
15° -wedge.  The  pressure  tap  measurements  along 
the  wedge  flank  show  a  slight  pressure  minimum 
near  the  wedge  tip  projecting  into  the  dead 
water. 

In  the  cases  of  the  60°-wedge,  the  verti¬ 
cal  flat  plate,  and  the  circular  cylinder  an 
analogous  behavior  of  the  pressure  can  be  ob¬ 
served:  inside  the  dead  water  a  distinct 
pressure  minimum  occurs. 

The  appearance  of  the  pressure  minimum  can 
be  explained  by  the  displacement  effect  of  the 
dead  water:  the  separated  region  is  'seen'  by 
the  external  flow  -  in  a  similar  manner  like 
the  rigid  body  contour  -  as  a  displacement  body. 
The  velocity  of  the  inviscid  external  flow 
does  not  reach  its  maximum  at  the  position  of 
greatest  cross-sectional  dimension  of  the  cy¬ 
linder  but  approximately  one  body-width  down¬ 
stream.  The  static  pressure  of  the  external 
flow  superposes  the  rigid  wall  as  well  as  the 
dead  water . 

The  calculation  methods  of  Grashof  (1973) 
and  Jacob  (1976)  suppose  that  the  pressure 
along  the  contour  of  the  dead  water  remains 
constant.  With  this  assumption  they  calculate 
the  boundary  of  the  separated  region. 

The  results  of  the  pressure  measurements 


> 


1 


1 

I 

£ 


i 


k 


clarify  that  the  hypothesis  of  a  constant  dead 
water  pressure  is  permissible  for  the  airfoil, 
but  not  for  bluff  bodies.  The  question  is  now: 
which  structure  and  extent  has  the  dead  water? 

In  this  context  we  have  to  remember  the 
characteristic  flow  structures  as  a  function 
of  Re-number  for  the  case  of  a  circular  cy¬ 
linder  in  cross  flow. 
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FIGURE  2.  Influence  of  Re-number  on  the  wake. 


The  single  instantaneous  pictures  in  fig.  2 
show,  that  beginning  above  Re  >  5  a  first 
separation  occurs  forming  a  clearly  defined 
laminar  dead  water  which  consists  of  a 
stationary  vortex  pair.  Above  Re  >  40  first 
indications  of  an  instable  waving  show  up 
originating  from  the  so  called  'free  stag¬ 
nation  point'  (FS) .  In  the  region  Re  »  150 
the  vortices  shed  periodically  from  the  cylin¬ 
der  forming  the  so  called  'K&rman  vortex  street'. 
The  flow  is  generally  considered  as  laminar 
but  instationary.  Until  Re  <  3,5  •  10s  the 
attached  flow  is  laminar.  The  vortices  still 
shed  periodically  but  now  they  are  completely 


turbulent  and  don't  form  a  stable  configuration. 
Above  Re  >  3,5  -105  the  attached  flow  becomes 
turbulent.  Therefore  the  separation  point  jumps, 
to  the  backside  of  the  cylinder.  So  the  wake, 
resp.  dead  water,  has  a  smaller  cross-sectional 
dimension  than  at  lower  Re-numbers  and  is 
characterized  by  turbulent  stochastic  vortex 
motions.  But  also  in  this  Re-number  region 
stable  vortex  streets  can  appear  as  shown  by 
satellite-pictures  taken  at  Re  *  lO10  leeward 
a  hill  at  the  island  of  Jan  Mayen.  The  photo¬ 
graphs  were  analyzed  by  Wenderoth  (1979). 

All  considerations  mainly  depended  on 
instantaneous  pictures  of  the  separated  flows. 
Because,  with  the  exeption  of  Re-numbers  <  40, 
these  flows  show  an  unsteady  behavior  with 
periodical  and  mostly  high  frequency  turbulent 
motions  it  is  obvious  that  a  quasistationary 
image  of  the  dead  water  should  be  formed  by 
the  time-averaging  method. 

In  such  a  manner  it  is  possible  to  obtain 
steady  vortex  structures,  which  can  be  the  base 
of  a  dead  water  model  for  theoretical  consi¬ 
derations. 

LDA-measurements 

Time-averaged  Velocity  Fields.  Fig.  3 
shows  the  results  of  LDA-measurements  of  time- 
averaged  velocity  fields  in  separated  flows 
behind  a  60°-wedge  with  two  different  angles 
of  attack  and  downstream  of  a  NACA  2412  airfoil. 
Each  vector  is  the  result  of  500  velocity 
measurements.  For  plotting  each  flow  field  more 
than  100.000  measurements  had  to  be  processed. 

The  example  of  the  symmetrical  flow  field 
shows  clearly,  that  beside  the  velocity  gradient 


FIGURE  3.  Time-averaged  flow  fields  and  mean  streamlines. 
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in  Y-direction  there  is  also  a  gradient  in 
X-direction.  It  is  evident  that  downstream  the 
separation  point  the  external  flow  is  acce¬ 
lerated  along  the  dead  water  and  delayed  when 
transitioning  into  the  wake  depression.  This 
corresponds  with  the  pressure  minimum  in  the 
dead  water.  A  recirculating  region  can  be  seen 
which  is  part  of  two  symmetrical  vortices. 
Downstream  the  vortex  pair  a  punctiform  region 
appears  with  zero  mean  velocity  which  we  call 
’free  stagnation  point1. 

This  pairwise  time-averaged  vortex 
structure  is  characteristic  for  all  investiga¬ 
ted  dead  waters.  The  angle  of  attack  changes 
the  relative  sizes  and  vorticities  of  vortices, 
as  shown,  fig.  3,  in  the  cases  of  the  wedge 
with  a  »  40°  and  the  inclined  NACA  airfoil. 

To  clarify  the  flow  situations  the  lower 
half  of  the  pictures  represents  the  time- 
averaged  streamlines,  calculated  by  an  inte¬ 
gration  of  the  measured  velocity  profiles.  The 
plotted  streamf unction  is  normalized  with 

the  free- stream  velocity  U«,  and  a  characteristic 
length  of  the  body,  in  the  case  of  the  wedge 
with  the  flank  length  D. 

We  define  the  zero-streamline  as  the 
effective  dead  water  contour  embedded  in  the 
inviscid  external  flow.  The  energy  of  the  vor¬ 
tex  pair  is  removed  from  the  external  flow, 
dissipates  and  is  expressed  as  drag. 

Distribution  of  Turbulence  Energy.  The 
results  of  the  turbulence  measurements  are 
plotted  in  normalised  form.  The  longitudinal 
fluctuation  u’ 4  as  well  as  the  transversal 
component  v* 1  are  plotted  as  a  function  of  the 
dimensionless  coordinate  Y/D.  u’ *  und  v77  are 
normalised  with  the  square  of  the  free  stream 
velocity  U«.  Fig.  4  represents  the  distribu¬ 
tions  in  the  case  of  the  60° -wedge.  In  spite 
of  the  spreading  of  the  measured  values  the 
curve  shape  is  determined  reliablely  because 
of  the  dense  sequence  of  measuring  points. 

The  diagram  illustrates  that  the  turbulent 
motions  show  a  characteristic  behavior.  In  the 
external  flow,  far  above  the  wedge,  here  at 
Y/D  ■  2.5,  the  turbulence  energy  is  nearly 
zero.  Approaching  the  wedge  the  turbulent 
motions  grow  strongly.  The  transversal  fluctu¬ 
ations  in  the  upper  half  of  fig.  4  reach  a 
maximum  at  Y/D  >0.0  along  the  axis  of  symme¬ 
try.  The  absolute  extreme  value  appears  at  the 
point  Y/D  >0.0  and  X/D  ■  1.5,  the  free  stag¬ 
nation  point.  Further  downstream  the  steep 
gradient  decreases  because  of  the  intense 
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FIGURE  4 .  Fluctuating  values  u 1 1  and  v ' 1  down¬ 
stream  the  60°-wedge,  a  =  0°,  Re  *  4  •  lO1*. 

turbulent  mixing .  This  is  shown  by  the  curve 
X/D  «  5.0,  plotted  with  black  square-symbols. 

The  lower  half  of  fig.  4  shows,  that  the  longi¬ 
tudinal  component  has  a  different  behavior. 
uTT  reaches  its  maximum  at  Y/D  -0.6.  For  small 
X/D-values  this  locus  lies  inside  the  dead  water 
just  below  the  streamline  i|<0  »  0.0.  At  the 
positions  of  the  time-averaged  vortex  axises 
u ' 1  reach  their  absolute  extreme  values.  Along 
the  axis  of  symmetry  the  longitudinal  fluctu¬ 
ations  have  a  minimum. 

If  the  angle  of  attack  a  changes,  the  flow 
field  becomes  asymmetric.  Fig.  5  represents  the 
case  of  the  60°-wedge  with  a  “  40°.  In  conjunc¬ 
tion  with  the  flow  field  the  distribution  of  the 
turbulence  energy  becomes  asymmetric.  Qualita¬ 
tively  the  same  conclusions  can  be  drawn:  the 
absolute  extreme  value  in  v' 1  again  appears  at 
the  free  stagnation  point  whilst  the  longitu¬ 
dinal  fluctuations  reach  the  extrem  value  at  the 
time-averaged  positions  of  the  vortex  axises. 
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FIGURE  5.  Fluctuating  values  uTT  and  v77 
downstream  the  60®-wedge,  a  *  40°,  Re  *  4  •  lo4. 


THEORETICAL  CONSIDERATIONS 


In  the  following  some  approaches  for  dead 
water  models  should  be  considered  in  which  the 
illustrated  experimental  results  are  approxi¬ 
mately  taken  into  account. 

Dead  Water  as  Displacement  Body 

As  shorn  in  fig.  6  for  the  example  of  a 
circular  cylinder  the  displacement  effect  of 
the  dead  water  can  be  simulated  by  the  zero- 
streamline  as  a  virtual  auxiliary  body  contour. 
The  pressure  distribution  around  the  contour 
is  calculated  by  a  panel-method  applying  the 
potential  theory.  The  measured  pressure  distri¬ 
bution  is  compared  with  the  one  calculated  by 
the  panel -method .  The  calculated  and  measured 
pressure  data  agree  very  well  directly  at  the 
cylinder  but  the  pressure  minimum  in  the  dead 
water  is  simulated  with  less  accuracy.  The 
reasons  are  dissipative  affects  in  the  separa¬ 
ted  flow  which  are  not  taken  into  account  by 
the  panel-method . 

Pig.  7  shows  corresponding  results  for  the 
example  of  the  15*-wedge  cylinder.  It  also  pro¬ 
ves  that  the  model  conception  of  a  dead  water 


FIGURE  6.  Measured  and  calculated  pressure 
distribution  for  a  circular  cylinder. 

simulating  a  virtual  displacement  body  is  prac¬ 
ticable.  But  it  is  necessary  to  correct  the 
dead  water  contour.  Especially  it  is  purposeful 
to  consider  the  displacement  effect  of  the 
shear  layers  outside  the  zero-streamline. 


FIGURE  7.  Measured  and  calculated  pressure 
distribution  for  a  15°-wedge,  a  »  0®. 

Drag  Calculation  for  Sharp-Edged  Bodies 

The  present  LDA-measurements  clarified  that 
the  dead  water  motions  behind  bluff  sharp-edged 
bodies  are  very  similar  to  the  motions  behind 
a  flat  plate  with  a  corresponding  angle  of  at¬ 
tack.  With  this  observation  a  simple  method  for 
calculating  the  drag  of  sharp-edged  cylinders 
can  be  developed. 

This  calculation  method,  called  "plate- 
model  method”,  is  explained  in  fig.  8.  The  mea¬ 
sured  drag  coefficient  cw  for  the  flat  plate 
and  its  constituing  parts  cWft  and  cWt  are 
plotted  as  a  function  of  the  angle  of  attack 
a  (left  side) .  cWft  is  that  part  of  cw  which 


results  from  the  pressure  distribution  produ¬ 
ced  by  the  stagnation  flow  in  front  of  the 
flat  plate,  the  cWlJ,-part  results  from  the  pres¬ 
sure  distribution  in  the  dead  water  on  the  back 
of  the  flat  plate. 
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FIG.  8 .  Calculation  example  for  the  'plate-model*. 

Fig.  8  shows  the  drag  part  cw?  to  be  lar¬ 
ger  than  c^.  It  is  obvious  that  the  largest 
drag  of  flat  plate  exists  at  a  ■  90°  decrea¬ 
sing  steadily  to  a  «  O'.  In  this  case  only 
friction  drag  exists  provided  that  the  flat 
plate  is  very  thin.  The  resulting  Cy^-value  is 
approximately  zero  considering  the  scale  used 
in  this  diagram. 

In  analogy  to  this  superposition  of  two 
drag  parts  the  cw-coefficient  of  sharp-edged 
cylinders  can  be  determined.  First  the  surface 
of  the  body  considered  should  be  split  up  into 
single  flat  plates  as  shown  in  fig.  8  for  the 
example  of  the  15s-wedge  cylinder  with  an  angle 
of  attack  of  70s.  In  the  next  step  the  o^-parts 
for  each  single  flat  plate  are  taken  from  the 
diagram  in  fig.  8.  Doing  this  the  position  of 
each  wedge  flank  to  stagnation  flow  and  the 
wedge  angle  8  itself  must  be  taken  into  account. 
The  superposition  of  all  cw-parts  results  in 
the  drag  coefficient. 

The  angle  of  smooth  stratus  is  relevant 
when  deciding  up  to  which  angle  the  Cy,A-  or 
Cy^-function  of  fig.  8  has  to  be  taken.  Varying 
the  angles  of  attack  from  0s  up  to  180°  the  up¬ 
per  wedge  flank  of  the  15s-wadge  cylinder  is 
turned  to  the  dead  water  above  the  angle  y"7.5*. 
It  must  be  remarked  that  the  cw-values  in  fig. 8 
are  related  to  flat  plat«s  with  unit  length. 

Since  the  flank  length  of  the  wedge  is  chosen 
as  a  reference  the  factor  *2  si ft  (8/2)*  must 
be  chosen  for  the  base  side.  The  efficiency  of 
the  plate-model  method  is  tested  by  the  follo¬ 
wing  examples. 

In  fig.  9  the  Cv-doefficients  of  15s-,  60s- 


120°-wedge  cylinders  are  plotted  against  the 
angle  of  attack. 


oc  -  — 


FIGURE  9.  Measurements  and  'plate-model'  cal¬ 
culations  for  wedges  (relative  value:  length  D). 

The  symbols  indicate  values  measured  by  Kra¬ 
mer  (1964).  The  solid  curves  indicate  the  calcu¬ 
lated  results .  The  comparison  of  measurement 
and  calculation  attests  the  applicability  of 
this  new  method.  Small  differences  caused  of 
angles  near  smooth  incident  flow  can  be  explai¬ 
ned  because  in  reality  separated  bubbles  are 
occurring.  The  plate-model  method  cannot  con¬ 
sider  these  effects. 
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FIGURE  10.  Measurements  and  'plate-model' 
calculations  for  sharp-edged  cylinders  (rela¬ 
tive  value:  length  d). 
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Also  this  method  cannot  take  into  account  the 
dependence  on  Re-number  because  the  separation 
points  are  fixed  by  the  sharp  edge  of  the  flat 
plate.  Therefore  the  plate-model  method  is  re¬ 
stricted  to  ^-calculations  of  sharp-edged 
bodies.  In  figure  10  measurements  of  Delany 
and  Sorensen  (1953)  for  a  wedge,  cylinders  with 
rhomboidal  and  quadratic  cross-sections  with 
different  angles  of  attack  indicate  this  fact. 

It  is  evident  that  the  cw-values  calculated 
with  the  plate-model  method  are  corresponding 
very  well  with  measurements. 

Free  Stagnation  Point 

Finally  it  is  interesting  to  note  the 
distance  B  of  the  so  called  free  stagnation 
point  (fig.  11)  behind  the  body  as  a  function 
of  the  Re-number.  It  characterises  the  extent 
of  the  dead  water  as  defined  by  the  zero-stream¬ 
line. 

In  figure  11  measuring  results  from  Ta- 
neda  (1956)  and  Leder  and  Geropp  (1982)  are 
plotted  for  the  case  of  a  circular  cylinder . 
There  is  a  distinguished  maximum  at  about 
Re  ««  2  •  10*  where  first  indications  of  turbu¬ 
lence  in  the  K&rm&n  vortex  street  are  known  to 
appear.  With  increasing  Re-numbers  the  length 
B  decreases  in  spite  of  the  growth  of  turbu¬ 
lence.  Above  Re  *<  10J  the  value  of  the  laminar 
case  at  Re  *>  30  is  reached  again.  This  process 
looks  like  a  relaminarisation  of  vortex  forma¬ 
tions  in  the  dead  water.  In  reality  the  experi¬ 
ments  show  increasing  turbulent  fluctuations 
and  eddy  viscosities  for  larger  Re-numbers.  In¬ 
deed  the  pairwise  vortex  structure  in  the  dead 
water  may  be  denoted  as  "quasi-laminar"  at  high 
external  flow  Re-numbers,  if  an  'effective  Re¬ 
number*  with  a  constant  turbulent  eddy  viscosi¬ 
ty  is  accepted  as  the  governing  physical  para¬ 
meter. 


FIGURE  11.  Distance  of  the  'free  stagnation 
point”  downstream  the  circular  cylinder. 


Similar  relations  are  observed  in  flows  of  a 
single  vortex  or  in  two-dimensional  wakes,  where 
the  turbulent  eddy  viscosity  is  constant,  too. 
Fig.  11  demonstrates  that  the  dead  water  length 
B/D  *<10  for  Re  *>  10"  -  10!  corresponds  to  the 
laminar  case  with  Re  *<  30. 

It  can  be  concluded  that  at  high  Re-num- 
bers  similar  turbulent  structures  of  quasi- 
laminar  character  will  also  occur  in  other  se¬ 
parated  flows  and  dead  waters  than  those 
behind  circular  cylinders  considered  so  far. 
Further  investigations  are  planned  in  this 
direction. 

CONCLUSIONS 

Summarizing  the  most  important  findings  of 
these  investigations  presented  in  this  paper: 

a)  The  pairwise  occuring,  time-averaged  vortex 
structure  is  characteristic  for  all  investi¬ 
gated  dead  waters.  The  zero-streamline  enve¬ 
loping  the  vortex  pair  can  be  understood  as 

a  displacement  contour  for  the  external  flow. 
Accordingly  there  are  typical  pressure  distri¬ 
butions  in  the  dead  water  with  a  pronounced 
pressure  minimum.  This  fact  is  opposed  to 
the  pressure  constancy  assumed  until  now. 

b)  The  distributions  of  turbulence  energy  in 
dead  waters  are  similar.  They  are  anisotropic. 
Characteristic  maxima  and  minima  in  this 
region  are  evident. 

c)  The  effect  of  dead  water  on  the  pressure 
distribution  on  the  body  can  be  theoretically 
represented  by  a  virtual  displacement  contour. 

d)  The  dead  waters  behind  sharp-edged  cylinders 
are  similar  to  those  of  flat  plates  with 
corresponding  angles  of  attack. 
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ABSTRACT 

An  experimental  study  of  mixing  downstream  of  co¬ 
axial  jets  discharging  into  an  expanded  circular  duct 
■as  conducted  to  obtain  data  for  the  evaluation  and 
laprovaswnt  of  turbulent  transport  models.  A  combina¬ 
tion  of  turbulent  momentum  transport  rate  and  two 
components  of  velocity  data  were  obtained  from  slmul- 
tane  ous  measurements  with  a  two-color  LV  system.  A 
combination  of  turbulent  mass  transport  rata,  concen¬ 
tration  and  velocity  data  were  obtained  from  simul¬ 
taneous  measurements  with  laser  veloclmeter  (LV)  and 
laser  Induced  fluorescence  CLIP)  systems. 

INTRODUCTION 

Computational  procedures  to  predict  combustion 
(and  other  mixing)  processes  are  being  developed  and 
refined  by  e  number  of  researchers  (e.g.,  see  Ref.  1 
and  surveys  In  Refs.  2  and  3).  These  computalona! 
procedures  predict  the  velocity,  species,  concentra¬ 
tion  temperature  and  reaction  rate  distribution  within 
the  combustors.  Because  combustors  of  practical  Inte¬ 
rest  have  turbulent  flow,  the  calculation  procedures 
usually  Include  mathematical  models  for  the  turbulent 
transport  of  mass  (or  species),  momentum  and  heat. 
However,  the  prediction  of  these  mixing  processes  with 
Improper  turbulent  transport  models  result  In  Inade¬ 
quate  predictions  of  streamline  location  and  scalar 
concentration  distribution. 

The  data  used  to  formulate  and  vel I  date  the 
turbulent  transport  models  have  been  obtained  pri¬ 
marily  from  velocity  and  momentum  transport  measure¬ 
ments  because  only  a  limited  amount  of  concentration 
and  mass  transport  data  la  available.  The  mass 
(species)  transport  data  presently  available  for  re¬ 
circulating  flows  Ilka  those  occurring  In  combustors 
are  not  sufficient  to  determine  where  Inadequacies 
exist  In  the  present  models  or  to  formulate  Improve¬ 
ments  tor  the  models.  One  reason  for  this  situation 
Is  that  the  methods  used  prior  to  the  mld-1970's  for 
simultaneously  obtaining  turbulent  mass  (species)  and 
moment ««  transport  data  often  have  been  Indirect, 
requiring  compromising  assumptions  or  require  probes 
unsuitable  for  recirculating  flows.  To  overcome  these 
limitations,  new  optical  techniques  have  been 
developed  to  simultaneously  measure  a  scalar  quantity 
and  velocity  and,  therefore,  to  obtain  mass  transport 
data.  These  techniques  Include  fluorescence  of  a 
trace  material  In  water  or  gases  to  measure 
concentration,  Mle  scattering  of  a  trace  material  to 
measure  concentration,  fluorescence  of  gas  molecules 
to  measure  species  and  temperature,  and  Rayleigh 
scattterlng  from  gas  molecules  to  measure  temperature 
(e.g.,  surveys  In  Rets.  4  and  3).  All  these  tech'nques 
use  lasers  os  a  light  aouree  and  have  been  used 
recently  (since  1979)  with  laser  veloclmetry  to  obtain 
combined  scalar/ velocity  measurements.  The 


fluorescence  of  dye  In  water  was  selected  as  an  appro¬ 
priate  technique  for  this  mass  and  momentum  turbulent 
transport  study  with  constant  density  fluids. 

A  preliminary  effort  at  UTRC  to  obtain  quantita¬ 
tive  concentration  measurements  with  fluorescent  dye 
In  1975  was  described  by  Owen  (paper  28  of  Ref.  5). 

The  current  effort  makes  use  of  Improved  optics,  data 
handling  capabilities  and  operative  procedures.  Ini¬ 
tial  results  from  the  current  effort  were  presented  In 
Ref.  6.  The  experimental  capabilities  for  the  present 
study  were  expanded  to  Include  measurement  of  the  mass 
transport  In  the  2-r  and  z-e  planes.  The  current 
application  of  the  combined  LV/LIF  measurement  tech¬ 
niques  along  with  the  available  data  handling  proce¬ 
dures  provides  an  opportunity  to  obtain  data  which  can 
be  used  to  evaluate  a  number  of  computational  methods 
and  turbulent  transport  models.  Results  from  the 
present  experiment  can  be  used  to  evaluate  (1)  the 
two-equation  turbulence  model,  (2)  the  Reynold  stress 
transport  model  and  (3)  the  probability  density  func¬ 
tion  formulation  for  predicting  turbulent  trensport 
and  concentration  fluctuations. 

The  present  study  was  Initiated  with  a  flow 
visualization  phase  to  qualitatively  determine  the 
effects  of  velocity  ratio,  U^/Uq,  and  the  Reynolds 
number  on  the  flow  characteristics  within  the  duct 
(Ref.  7).  Results  from  the  study  were  also  used  to 
determine  the  streams  I se  locations  for  obtaining  de¬ 
tailed  velocity,  concentration,  and  mass  transport 
rate  measurements.  A  sketch  of  the  shear  regions, 
which  existed  for  the  flow  condition  measured.  Is 
shown  In  Fig.  1.  The  four  major  shear  regions  are:  a 
wake  region  Immediately  downstream  of  the  Inner  jet 
Inlet  duct;  a  shear  region  further  downstream  between 
the  Inner  and  annular  Jets,  a  recirculation  zone,  a 
reattachment  zone.  The  high  speed  motion  pictures 
showed  (a)  the  turbulent  eddy  structure  of  the  annular 
Jet  accelerating  the  slower  moving  inner  Jet  which 
also  produced  large  counter  gradient  scalar  transport 
and  (b)  the  coupling  of  some  large  scale  eddies 
between  the  annular  jet  and  the  recirculation  zone  and 
between  the  annular  Jet  and  Inner  stream.  The  quanti¬ 
tative  results  will  be  related  to  these  shear  regions 
end  mixing  phenomena. 

.  RECIRCULATION  REGION 
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Fig.  1  Shear  regions  of  coaxial  jets  In  an  enlarged  duct 
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The  oompl wts  results  fro*  Hits  experiment  are  de¬ 
scribed  In  a  Melted  distribution  report  (Ref.  8). 

The  statistical  character  I st I cs  of  the  mixing  process, 

l.e.,  the  eean  values,  the  ms  deviation,  skewness  end 
kurtosls  of  the  velocity,  concentration  and  turbulent 
transport  probability  density  functions,  are  dis¬ 
cussed  In  Ref  .  9.  The  present  paper  focuses  on  the 
Interaction  between  the  momentum  and  scaler  transport 
processes  and  the  overall  results  from  the  experiment. 


DESCRIPTION  OF  EXPERIMENT 

Mmuc— nt  Ttchnlaun 

The  experimental  method  employed  a  laser  veloct- 
meter  (LV)  to  obtain  velocity  data,  a  laser  Induced 
fluorescence  (L IF)  technique  to  obtain  concentration 
data,  and  a  microcomputer  to  control  the  data  acquisi¬ 
tion  and  to  store  and  reduce  the  data.  Contnerclal  ly 
manufactured  equipment  was  used  for  the  optics  and 
most  of  the  electronic  components.  For  the  LV/L IF 
measurements  the  equipment  was  arranged  as  shown  In 
Fig.  2.  The  light  source  used  was  the  0.488  ym  line 
with  a  1-ear-dla.  beam  from  a  Spectre- Physics  argon  Ion 
laser.  The  laser  was  operated  In  the  constant  light 
amplitude  mode  with  a  power  of  0.4  Matt.  Fluctuations 
In  the  light  Intensity  were  estimated  to  be  less  than 
I  percent.  The  LV  optics  were  arranged  to  use  the 
dual-beam  laser — Doppler  ve loci meter  system.  The  send¬ 
ing  optics  consisted  of  a  beam  splitter,  Bragg  call, 

2. Tlx  beam  expander,  and  a  378  am  focal  length  lens. 
The  collection  optics  were  arranged  far  forward  scat¬ 
tering.  The  Input  to  the  photomultiplier  was  optical¬ 
ly  filtered  to  receive  only  0.488  ua  light.  The 
photomultiplier  signal  was  mixed  to  achieve  a  1.0  MHz 
signal  for  aero  velocity.  These  optical  components 
were  manufactured  by  T5I.  The  mixed  signal  was  pro¬ 
cessed  with  a  SCIMETRICS  signal  processor  and  the  ac¬ 
ceptable  signals  sere  fed  through  an  electronic  Inter- 
fem  to  a  Digital  Equipment  Corporation  (DEC)  POP  tt/10 
computer.  The  DISA  33X00  laser  ve loci meter  system  and 
the  0.3143  end  0.488  urn  lines  of  the  laser  were  used 
In  the  direct  backscatter  node  for  the  simultaneous 
two  velocity  measurements. 


Fig.  2  Sketch  of  optics  arrangement 

The  circular  duct  test  section  was  enclosed  In  a 
rectangular,  glass  walled  optical  box  filled  with 
water  to  reduce  beam  direction  distortion  as  the  laser 
beams  passed  from  air  through  the  glass  wall  of  the 
duct  and  Into  the  test  section  water.  A  ray  tracing 
program  was  used  to  determine  that  the  radial 
dlsplaoamant  of  Hie  probe  volume  was  less  than  0.03  mm 
and  the  offset  of  the  measurement  direction  from 
radial  was  less  than  0.03  deg  far  r/R0  <  0.9.  The  LV 
probe  vol use  was  calculated  to  have  dimensions  of  0.12 
■a  diameter  and  2.3  am  length  and  24  fringes. 


The  LIF  data  were  digitized  24  microseconds  after  the 
LV  data  sample  was  obtained.  The  time  between  the  LV 
and  LIF  data  acquisition  was  less  than  0.25  and  0.02 
times  the  minimum  transit  time  across  the  probe  volume 
diameter  and  length,  respectively.  Therefore,  no 
correction  to  the  LV  or  LIF  data  was  necessary  tor 
this  short  time  period. 

One  thousand  pairs  of  data  samples  were  obtained 
at  each  data  acquisition  point  (250  In  slow  moving  re¬ 
gions).  The  LV  data  acquisition  rate  was  slowed,  by 
controlling  the  signal  processor  A+  start  signal  ho 
less  than  10  per  sec,  to  prevent  the  data  from  being 
acquired  too  fast  and  probably  biasing  the  measure¬ 
ments  with  short-term  statistics  (Ref.  10).  The  data 
were  stored  on  flexible  disks  and  are  available  for 
future  additional  data  processing. 

Flow  Conditions 

The  geometry  for  the  experiment  Is  shown  In  Fig. 

3.  This  configuration  with  coaxial  jets  discharging 
Into  an  enlarged  circular  duct  Is  similar  to  the  con¬ 
figuration  used  In  previous  momentum  transport  experi¬ 
ments  (e.g..  Ref.  11).  The  configuration  had  ratios 
of  annular  Jet  diameter  to  Inner  Jet  diameter  (Ra  /R}) 
end  outer  wall  diameter  to  Inner  jet  diameter  (Ro/Ri ) 
of  approximately  2  and  4.  The  Inner  Jet,  annular  jet, 
and  total  flows  thorugh  the  system  were  held  constant 
st  23.5,  200.0  and  223.5  l/mln,  respectively. 


Fig.  3  Sketch  of  inlet  and  test  section;  L  *  1016  mm, 
Rtl  ■  12.5  urn,  R^  ■  15.3  iron,  Ra  *  29.5  mm, 

R0  »  61 .0  mm 

The  water  temperature  varied  from  30  to  70  C 
causing  the  duct  Reynolds  numbers,  II  D  /v  to  vary  from 
30,000  to  40,000.  (These  Reynolds  numbers  are  an 
order  of  magnitude  above  the  transitional  range.)  In 
reducing  the  data,  the  turbulent  transport  charac¬ 
teristics  were  assumed  to  be  Independent  of  the 
Reynolds  number.  All  the  turbulent  mass  transport 
data  and  most  of  the  velocity  data  were  obtained  over 
a  one-month  period  when  the  water  temperature  varied 
less  than  3C  from  the  average  value  and  the  Reynolds 
number  varied  less  than  5  percent.  For  a  typical  two 
hour  test  period,  the  water  Temperature  varied  less 
then  1C. 

Axial  velocity  and  turbulent  kinetic  energy 
profiles  13  mm  downstream  of  the  Inlet  plane  are  shown 
In  Fig.  4.  This  was  the  nearest  upstream  location  to 
the  Inlet  plane  where  all  LV  and  LIF  measurements 
could  be  obtained.  Each  symbol  represents  a  different 
azimuthal  location.  The  results  form  a  single  profile 
and  show  the  flow  Is  axfsymmetrlc  In  the  Inlet  region. 
The  turbulent  kinetic  energy  results  were  obtained 
from  u',  v'  and  w'  profiles. 


The  LIF  meesursment  technique  used  fluorescein 
dye  ee  a  trace  element  In  the  Inner  jet  of  the  coaxial 
flew  strove.  This  dye  absorbs  light  at  0.488  um  and 
emits  light  with  highest  Intensities  at  wavelengths 
between  0.9  and  0.6  ms.  Direct  backscatter 1 ng,  light¬ 
ed  lection  optics  were  used  for  the  LIF  system.  The 
light  was  focused  through  a  Kodak  No.  15  Wratten 
filler  onto  a  photomultiplier  tube.  The  photomulti¬ 
plier  tube  currant  was  converted  to  voltage,  was  f II- 
ter ed  with  a  2  kh*  low  pass  filter  and  was  fed  Into  a 
12  bit  anslog-ti^dlgltal  converter  In  the  computer. 


DISCUSSION  OF  RESULTS 

The  objective  of  this  study  was  the  acquisition, 
reduction,  and  analysis  of  velocity,  concentration, 
mass  transport  rate  and  momentum  transport  rate 
measurements  at  seven  axial  locations  within  the  duct 
test  section.  Data  obtained  at  one  of  aeven  axial 
stations  will  be  used  to  Illustrate  the  principal 
results.  Summary  of  the  profiles  obtained  at  all 
locations  will  be  presented  as  Isograms. 
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direction  of  the  flow  In  the  high  sheer  region  end  the 
decrease  In  the  direction  of  the  flow  In  the  recircu¬ 
lation  zone,  r/R0  >  0.8  end  z/R0  <  3.0. 
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Fig.  4  Axial  velocity  and  turbulent  kinetic  energy 
profiles  at  z/RQ«0.2  (z*13  urn)  from  inlet 
plane 

Velocity 

The  aean  velocity  profile  at  z/R0  «  1.67  <Flg. 

5a)  shows  large  velocity  gradients  at  r/ Ro  ■  0.2  where 
the  annular  jet  Is  accelerating  the  Inner  jet  fluid 
and  at  r/R0  -  0.6  where  the  annular  Jet  Is  also 
driving  an  annular  recirculation  cell.  The  maximum 
negative  velocity  In  the  recirculation  cell  are 
approxlMtely  0.3  m/s  which  Is  20  percent  of  the  peak 
driving  velocity  and  consistent  with  previous  results 
In  recirculating  zones.  The  fluctuating  rsis  axial 
velocity  profles  (Fig.  5b)  shows  peak  values  of  u'  In 
the  high  shear  regions.  The. values  of  v1  and  w'  were 
60  to  80  percent  of  the  u*  values  In  the  peak  shear 
regions  and  approxlMtely  equal  to  the  u'  value  In  the 
low  axial  velocity  gradient  and  shear  regions.  Iso- 
grans  of  the  Man  axial  velocity  (U),  the  Man  radial 
velocity  (V),  and  the  turbulent  kinetic  energy  <k)  are 
presented  In  Fig.  6a-e.  Note  the  length  scales,  r/R0 
and  z/Rq,  on  the  Isogram  are  chosen  unequal  to  show 
the  variations  more  clearly.  The  axial  velocity  Iso¬ 
gram,  U  »  0,  shows  the  axial  extent  of  the  recircula¬ 
tion  cell  and  the  approximate  outline  of  the  cell. 

The  two  velocity  Isograms,  U  *  0.75,  bounded  by  z/Ro< 
2.0  and  r/Ro  <  0.25  and  the  lower  velocities  between 
them  are  due  to  the  Inner  Jet  being  decelerated  by  the 
wake  region  betvMn  the  Inner  and  annular  jet  and  then 
being  accelerated  by  the  annular  stream.  The  radial 
velocity  (V)  Isogram  (Fig.  6b)  shows  (a)  low  positive 
velocities  at  z/R0  -  0.3  and  r/Ro  »  0.1  due  to  the 
deceleration  of  the  Inner  Jet  by  the  wake  region,  (b) 
negative  values  at  r/R0  ■  0.2  and  z/Ro  ■  1.5  as  the 
annular  jet  Is  accelerating  the  Inner  jet  fluid,  (c) 
all  positive  values  at  z/RQ  >  4.1  as  the  Jets  begin  to 
till  the  enlarged  duct  downstream  of  the  recirculation 
cell  and  (d)  negative  velocities  In  the  recirculation 
cell  at  r/Ro  *  0.75  end  z/Ro  -  1.0.  The  turbulent 
Intensities  at  these  locations  were  5  to  8  percent  and 
consistent  with  values  expected  at  the  center  of 
developed  duct  flow.  Note  the  peak  values  of  k  occur 
neer  the  recirculation  zone  reattachment  location  and 
may  be  due  to  general  unsteadiness  of  the  flew  In  this 
region.  Note  the  growth  of  turbulent  energy  In  the 
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RADIUS  RATIO  —  r/Ro 

Fig.  S  Naan  and  RMS  fluctuating  axial  velocity  and 
concentration  profiles  at  z/R„*l .67 
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Fig.  6  Isograms  of  axial  velocity  (U),  radial 

velocity  (V),  turbulent  kinetic  energy  (k), 
mean  Inner  jet  concentration  (f)  and  RMS 
fluctuating  Inner  jet  concentrations  (f) 

Concentration 

The  mean  Inner  jet  concentration  profile  at  z/Ro 
■  1.67  (Fig.  5c)  shows  peak  values  near  0.9  at  r/Ro  • 
0  end  near  zero  values  at  r/Rg'0.4.  This  axial  Iocs- 
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tlon  Is  a  short  distance  downstream  of  the  central 
core  regions  for  both  the  Inner  jet  and  the  annular 
jet.  The  res  fluctuating  concentration  profile  shows 
values  of  0.14  at  r/RQ  •  0  and  approximately  0.01  near 
r/Ro  •  0.3.  At  r/Ro  ■  0  most  of  the  concentration 
values  were  1.0  with  lower  values  (0.3  to  0.5)  occur¬ 
ring  occasionally.  At  r/Ro  *  0.5,  the  measured  con¬ 
centration  fluctuations  were  closa  to  the  noise  levels 
In  the  photomultiplier,  l.e.,  f  ■  0.01.  The  mean 
concentration  contours  (Fig.  6d>  show  the  decrease  In 
the  Inner  stream  concentration  along  the  centerline 
from  a  value  of  1 .0  at  z/R0  ■  1.0  (the  downstream  end 
of  the  Inner  jet  core)  toward  the  volume  flow  averaged 
value  of  0.105  at  z/R0  >  5.0.  However,  note  the 
concentration  gradients  are  primarily  In  the  radial 
direction.  The  f  •  0.2  Isoconcentratton  line  occurs 
along  the  r/R0  »  0.25  radius  for  z/Ro  <  3.0.  Note 
also  the  concentration  profiles  In  the  recirculation 
zone,  r/R0  >  0.8  and  z/R0  <  3.0.  Thase  concentration 
contours  also  decrease  In  the  direction  of  the  mean 
flow  (compare  with  velocity  Isograms,  Fig.  6a).  The 
accuracy  of  the  Inner  jet  concentration  measurements 
was  approximately  1  percent.  Thus,  the  contours  for  f 
<  0.05  are  best  estimates  based  on  the  data  profiles 
and  the  author's  Judgement.  The  nms  concentration 
fluctuation  profles  show  peak  values  In  the  region 
near  r/R0  ■  0.1  and  z/Ro  *  2.0  where  the  concentration 
gradients  are  high  and  the  turbulent  kinetic  energy  Is 
Increasing  with  z/R  .  Note  that  ratio  f'/f  was 
greater  than  1  In  the  recirculation  zone  and 
attributed  to  fllaaents  of  high  concentration  Inner 
Jet  fluid. 

Turbulent  Transport 

R-Z  Momentum  Transport.  A  radial  profile  of  uv 
at  z/Ro  ■  1.67  (Fig.  7a)  shows  the  Inward  turbulent 
transport  of  momentum  for  r/Ro  >  0.35  where  the  annu¬ 
lar  Jet  Is  accelerating  the  Inner  Jet  fluid  and  the 
outward  turbulent  transport  of  momentum  for  r/Ro  > 

0.33  where  the  annular  Jet  Is  driving  the  recircu¬ 
lation  _ceM.  Note  that  the  location,  r/Ro  ■  0.35, 
where  uv  ■  0  corresponds  to  the  peak  of  the  axial 
velocity  profile  In  Fig.  3a.  Results  from  the  seven 
radial  profiles  are  summarized  In  the  Isograms  (Fig. 
8a);  the  nature  of  the  turbulence  structure  which 
produces  the  momentum  transport  Is  shown  In  the  Iso¬ 
gram  of  the  Ruv  correlation  coefficient  (Fig.  8b).  The 
results  can  be  related  to  the  shear  region  shown  in 
Fig.  1 i  (a)  uv  >  0  In  the  Inner  Jet  core  region  wlwre 
the  Inner  Jet  Is  accelerating  the  wake  flow;  (b)  uv  < 

0  where  the  annular  Jet  Is  accelerating  the  wake  flow 
and  the  Inner  Jet  fluid;  (c)  uv  >  0  where  the  annular 
Jet  Is  driving  the  recirculation  cell  and  (d)  uv  >  0 
downstream  of  the  reattachment  zone  where  the  flow  Is 
beginning  to  develop  Into  duct  flow.  At  the  furthest 
downstream  location,  z/Rq”  5,  the  shear  stress  was 
approximately  linear  as  expected  for  developed  pipe 
flow.  However,  the  stresses  were  factors  of  30  to  50 
greater  than  thoee  for  fully  developed  pipe  flow. 

Thus  the  flow  at  this  location  was  far  from  equili¬ 
brium.  The  correlation  coefficients  show  low  values, 
l.e.,  0.1  where  uv  »  0  and  the  Inner  Jet  is  aecele- 
rating  the  wake  region.  The  prediction  of  this  re¬ 
gion  has  also  been  troublesome  (Ref.  14).  The  peak 
correlation  coefficients  In  the  free  shear  regions  on 
the  Inside  and  outside  of  the  annular  strems  are  high, 
l.e.,  Ruv  ■  -0.43  and  0.50. 

Badlal  Ham  Irafisaart.  The  measured  radlel  mess 
transport  rote  profiles  at  z/R.  ■  1.67  (Fig.  7a)  Is 
associated  with  the  radial  gradient  of  the  mean 
concentration  profiles.  The  peek  outward  mass 
transport  occurred  at  r/Rg  «  0.15  which  Is  also  the 
radial  location  of  the  peak  concentration  gradient. 

The  transport  at  r  •  0  approaches  0  as  expected  tor 
ax I  symmetrical  profiles.  The  negative  (Inward)  mass 
transport  tor  r/Ro  >  0.4  Is  due  to  the  turbulent 
transport  of  Inner  Jet  fluid  from  the  recirculation 
call.  The  Isogram  of  the  radial  mass  transport  and  the 
correlation  coefficients  Ruv  are  presented  In  Figs.  8c 
and  8d.  The  greatest  transport  rate  and  correlation 
coefficients  occur  at  r/Ro  -  0.2  and  z/Ro  -  2.0.  The 
peek  correlation  coefficient  is  high,  l.e.,  0.5  In  the 


shear  region  between  the  Inner  and  annular  jets.  Note 
the  mass  transport  Is  outward  and  the  momentum 
transport  Is  Inward  at  this  location.  However  In  the 
recirculation  zone,  r/R0  -  0.7  and  z/R0  -  2.0,  the 
correlation  coefficients  are  low,  l.e.,  -0.12.  This 
may  be  due  to  the  less  structured  transport  process  In 
the  recirculation  zone.  Note  that  at  r/Rg  *  0.3  and 
z/Ro  *  2.0,  the  correlation  coefficient  for  the  radial 
mass  transport  Is  0.3  <  <  0.4  though  the  momentum 

turbuent  transport  Is  zero,  l.e.,  uv  «  Ruv  «  0. 


RADIUS  RATIO.  f/R0 

Fig.  7  Momentum  turbulent  transport  (uv),  radial  mass 
turbulent  transport^ (vT)  and  axial  mass  tur¬ 
bulent  transport  (uf)  at  z/Rg«1.67 

Axial  Hass  Transport.  Turbulent  scalar  (mass) 
transport  Is  generally  associated  with  the  scalar 
(concentration)  gradients  and  a  transport  diffusion 
coefficient,  m^  ■  Ef(af/sx.).  (A  recent  evaluation  of 
gradient  irensport  models  is  given  In  Ref.  13.)  How¬ 
ever,  for  some  classes  of  flows  with  turbulent 
transport,  notably  atmospheric  transport  of  heat,  the 
scalar  transport  can  be  opposite  the  direction  of  the 
scalar  gradient.  This  class  of  scalar  transport  Is 
denoted  "countergradlent*  trensport  and  requires  a 
•Reynolds  stress*  formulation  to  calculate  the  scale 
(mess)  transport  rate  (e.g..  Ref.  12).  Some  of  the 
axial  mass  transport  rata  measurements  obtained  In 
this  study  fall  Into  the  "countergradient*  diffusion 
trensport  category.  Discussion  of  these  flows  will 
relate  the  measured  axial  mass  transport  to  the 
velocity  shear  field  which  produces  the  mass  transport 
each  an  I  as. 

The  axial  mass  transport  profile  at  z/Ro  •  1.67 
(Fig.  7c)  shows  the  large  negative  mass  turbulent 
transport  which  occurred  In  the  central,  region  of  the 

sect  ion,  z/R0  <  4.  Isograas  of  uf  and  Ruf 
constructed  from  profiles  are  shown  In  Fllgs.  8a  and 
8f.  Note  that  the  peak  absolute  values  of  the  axial 
transport  rates  were  higher  than  the  values  for  the 
redial  transport  (Fig.  8c)  even  though  the  peak  radial 
concentration  gradients  were  more  than  ten  times  the 
axial  concentre I  ton  gradients. 

The  peak  correlation  coefficients,  Ruf,  were 
-0.55  to  -0.60,  greater  than  those  for  the  radial  mass 
transport  or  the  women tun  transport.  A  comparison 
of  the  correlation  coefficients  R  ,  R  f  and  Rllf  shows 
the  peak  values  for  Ruv  occur  at  z/R0  -  1.0  whireas 
thoee  for  Rvf  and  Rgf  occur  at  z/R0  *  2.0.  Thus,  the 
turbulent  structure  generated  by  the  shear  persists 
after  the  momentum  transport  has  occurred  and  con¬ 
tinues  to  produce  large  scalar  transport. 

The  countergradlent  transport  process  can 
explained  by  considering  the  shape  of  the  axial 
velocity  profiles  In  the  countergradlent  transport  re¬ 
gion  (Fig.  5a)  and  the  eddy  structure  associated  with 
the  momentum  transport.  In  the  region  where  the  Inner 
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Fig.  8  Isograms  of  turbulent  transport  rates  and  correlation  coefficients 

Ryv^Tiv/uV  :  Ryf*v?/v'f ' :  R^-uT/u’f' 


jet  was  being  accelerated  by  ttie  annular  Jet,  the 
large  addles  In  that  velocity  shear  layer  near  the 
centerline  ware  "rolling*  with  the  negative  fluctuat-. 
fng  axial  velocities  near  the  Inner  Jet  fluid.  The 
result  was  that  the  preferred  rotational  orientation 
of  these  eddies  retarded  the  floe  In  the  stress* lea 
direction  and  resulted  In  uf  <  0  and  hence  counter- 
gradient  eass  transport.  The  regions  with  counter- 
gradient,  u?  <  0,  and  gradient,  u?  >  0,  axial  earns 
turbuent  transport  and  positive  and  negative  axial 
velocity  accelerations  are  shown  In  Figs.  8a  and  8a. 
The  region  with  the  counter  grad  lent  mss  turbulent 
transport  (57  <  0)  was  larger  than  the  region  where 
the  flow  free  the  Inner  Jet_was  accelerated  by  the 
flow  free  the  annular  Jet  (uv  <  0).  The  larger  size 
of  the  scalar  countergradient  turbulent  transport 
region  nay  be  due  to  the  response  ties  or  distance 
required  to  change  the  character  of  the  turbulent 
structure. 

The  counter grad lent  axial  eass  turbulent  trans¬ 
port  nay  be  an  appreciable  portion  of  the  naan  con¬ 
vective  mss  transport.  For  example,  at  z/Rq  *  167 
and  r/R„  ■  0.2,  the  values jf  uf  and  Uf  are  -0.025  and 
0.336,  respectively j  thus  uf/U?  ■  -0.074.  In  the  high 
counter  or  ad  lent  axial  mss  transport  region,  the  ratio 
of  ii?/Uf  ranged  free  -0.03  to  -0.10,  an  appreciable 
percentage  of  the  total  Inner  jet  mss  flux. 

Thus, It  Is  an Derent  that  the  local  turbulent 
tranapert  coefficients  are  not  Isotropic.  Further 
analysis  of  the  experimental  results  and  comparisons 
with  predictions  will  be  required  to  determine  the  ex¬ 
tant  of  deficiencies  In  tha  turbulent  transport 
medals,  the  Impact  of  these  deficiencies  on  the 
numerical  predictions  and  the  effects  of  Improved  tur¬ 
bulent  transport  modeling  on  the  predictions. 


CONCUISIONS 

The  velocity,  concentration,  and  transport  rate 
distributions  Mssured  downstream  of  coaxial  jets  dis¬ 
charging  Into  an  expanded  circular  duct  show  reglon- 
to-reglon  variations  In  tha  transport  processes.  The 
accurate  prediction  of  the  phenoMna  measured  Is  a 
difficult  task  which  will  probably  require  Improve¬ 
ments  In  both  the  currently-used  transport  models  and 
mathematical  models.  Following  are  the  principal 
results  from  this  study: 

1.  Tha  turbulent  momentum  transport  rate 
measurements  In  tha  r-z  plane  documented  the  local 
mcMntum  fluxes  due  to  turbulent  mixing. 

2.  Countergradient  turbulent  axial  mass  trans¬ 
port  was  Masured  In  the  shear  region  between  Jets. 

Tha  peak  axial  mss  transport  rates  were  greater  than 
the  peak  radial  mss  transport  rates  even  though  the 
axial  concentration  gradients  were  less  than  one- 
tenth  the  radial  gradients. 

3.  The  countergradient  turbulent  axial  mss 
transport  was  ralstad  to  tha  ganeral  direction  of  tha 
eddies  between  tha  Inner  and  annular  jets.  Tha 
countergradient  axial  mss  transport  occurred  when  the 
annular  Jet  was  accelerating  tha  Inner  jet  fluid. 

4.  The  turbulent  structure  produced  by  tha  velo¬ 
city  field  caused  high  radial  and  axial  mss  transport 
rates  at  downstream  locations  where  tha  momentum 
turbulent  transport  had  decreased. 
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ABSTRACT 

A  brief  account  is  given  of  a  numerical  and 
experimental  study  of  turbulent  flow  downstream 
of  a  backward-facing  step.  The  former  involves 
the  application  of  the  latest  version  of  the  k-W  model 
of  turbulence,  k  being  the  specific  kinetic  energy  of 
the  fluctuating  motion,  and  W  the  time-mean  square  of 
the  vorticity  fluctuations. 

The  experimental  investigation  comprises  a  new 
flow-visualization  technique  in  which  the  test  body  is 
pulled  through  partially-dyed  fluid.  The  result  of 
its  preliminary  application  is  presented. 

NOMENCLATURE 

Cpwall  Wall-static  pressure  coefficient 
E  Constant  in  near-wall  description  of  velocity 

profile  (=9.0) 

g  Gravitational  acceleration 

H  Step  height 

k  Turbulence  kinetic  energy 

£  Length  scale  of  turbulence  fluctuation 

(ik5/wl) 

L  Body  length 

Rew  Reynolds  numbe -  based  on  the  laminar  sublayer 

t  Time 

U  Axial  velocity  component 

U0  Reference  velocity  (=18.2  m/s) 

V  Cr'.as-stream  velocity  component 

W  Time-mean  square  vorticity  fluctuation 

X  Streamwise  coordinate 

Xg  Recirculation  length 

y  Cross-stream  coordinate 

yv  Laminar  sublayer  thickness 

-UV  Specific  turbulent  shear  stress 

<  Von-Karman  constant  (*0.435) 

o  Density 

t  Shear  stress 

t.  Shear  stress  at  the  wall 

a  Prandtl/Schmidt  number 

u  Absolute  viscosity 

INTRODUCTION 

When  a  fluid  flows  steadily  past  a  backward¬ 
facing  step,  a  recirculation  occurs,  having  appreciably 
higher  levels  of  turbulence  energy  and  stress  than  exist 
in  the  upstream  or  far-downstream  regions.  The  govern¬ 
ing  equations  are  elliptic  in  nature. 

In  recent  years,  various  turbulence  models  have 
been  applied  to  such  recirculating  flows.  The  more 
successful  ones  are  those  which  take  account  of  one 
important  feature,  namely  that  the  turbulent  motions 
adjacent  to  the  surface  are  not  produced  solely  by  the 
local  shear  stress,  but  by  stresses  which  exist  at  an 
upstream  location  in  the  flow  field.  The  turbulence 


energy  is  transported  from  the  generation  area  to  the 
surface  by  convection  and  diffusion. 

Two  such  turbulence  models  are  the  k-c  model  of 
Harlow  and  Nakayama  (1968),  and  the  k-W  model  of 
Spalding  (1969).  Both  these  models  have  been  modified 
since  their  inception  e.g.  in  the  case  of  k-t  by 
Jones  and  Launder  (1972),  and  by  Launder  and  Spalding 
(1974),  and  in  the  case  of  k-W  by  Gibson  and  Spalding 
(1972)  and  Ilegbusi  and  Spalding  (1983).  The  present 
paper  focusses  attention  on  the  last-mentioned  modifi¬ 
cation,  and  carries  it  somewhat  further. 

The  k-t  and  k-W  turbulence  models  both  need  bound¬ 
ary  conditions  which  represent  the  way  in  which  the  shear 
stress  at  the  wall  depends  upon  nearby  velocities  and 
on  the  diffusion  of  turbulence  kinetic  energy.  One 
such  condition,  proposed  by  Spalding  (196")  and  recently 
extended  by  Chieng  and  Launder  (1980)  in  respect  of  the 
h-E  model,  is  here  employed  for  the  k-W  model. 

The  above-mentioned  work  by  Ilegbusi  and  Spalding 
(1983)  has  shown  the  k-W  model  to  perform  satisfactorily 
in  several  circumstances,  including:-  turbulent  pipe-flow 
flow  over  a  flat  plate  with  intense  heat  transfer  and 
with  intense  mass  transfer  through  the  surface;  flow 
and  heat  transfer  downstream  of  an  abrupt  pipe-expansion; 
flow  in  a  plane  jet;  flow  in  a  i.  xing  layer;  and  flow 
in  a  round  jet. 

In  the  present  paper,  this  model  is  applied  to  the 
prediction  of  the  flow  investigated  by  Kim  et  al  (1978) 
and  reported  at  the  1981  Stanford  Conference  on  Complex 
Turbulent  Flows.  This  concerns  flow  downstream  of  a 
backward-facing  step  in  the  wall  of  a  duct. 

It  will  be  shown  that  the  k-W  model  can  perform 
quite  well  in  these  circumstances  also. 

It  is  interesting  to  determine  whether  the  k-W 
model  represents  the  flow  better  or  worse  than  does  the 
k-E  model,  when  that  is  applied  with  precisely  the  same 
initial  and  boundary  conditions,  and  with  an  identical 
grid  and  solution  algorithm.  Therefore  the  correspond¬ 
ing  k-c  calculations  have  been  performed  for  comparison 
and  are  reported  below.  It  may  be  concluded  that  there 
is  little  to  .  hi.ose  between  the  two  models  from  the 
point  of  view  •  f  agreement  with  experiment. 

The  paper  goes  beyond  the  experimental  investi¬ 
gation  by  providing  some  typical  profiles  of  the 
velocity  components  and  of  k,  W  and  the  length-scale 
based  on  the  new  k-W  model.  These  predictions,  as  well 
as  being  interesting  in  themselves,  also  provide  a  body 
of  material  which  future  modellers  and/or  experimenters 
may  wish  to  compare  with  their  own  results. 

The  paper  also  describes  briefly  a  new  experimental 
flow-visualization  technique,  and  the  result  of  its  pre- 


liminary  application  to  flow  downstream  of  a  backward¬ 
facing  step.  The  procedure  involves  the  known  practice 
of  pulling  the  test  body  through  a  fluid  at  rest;  but 
it  has  the  novel  feature  of  using  two  fluids,  one 
above  the  other,  and  making  their  flow-induced  inter¬ 
mingling  visible  by  use  of  a  dye. 

MATHEMATICAL  FORMULATION  OF  THE  k-W  MODEL 

Because  the  k-W  model  has  had  less  public  exposure 
than  the  k-e  one,  it  may  be  useful  to  present  briefly 
the  relevant  equations,  as  follows.  For  the  k-c  equa¬ 
tions,  on  che  other  hand,  the  reader  is  referred  to 
papers  already  ciced. 

Differential  Equations 

The  conservation  equations  for  k  and  W  are: 


Boundary  Conditions  at  the  Wall 


The  restriction  of  equations  (1)  and  (2)  to  regions 
of  high  turbulence  Reynolds  number  precludes  specifica¬ 
tion  of  k  and  W  at  the  wall;  and  the  conventional  log- 
law  wall-function  does  not  hold  in  the  separation  region, 
because  larger  scale  turbulence  diffusion  seems  to  be 
the  main  mechanism  bringing  turbulence  energy  to  the 
wall . 

For  this  reason  therefore,  a  wall  function  has 
been  employed,  which  is  similar  to  that  used  by  Chieng 
and  Launder  (1980)  for  the  k-e  model.  This  approach 
extends  the  works  of  Spalding  (1967)  and  Launder 
and  Spalding  (1974). 

The  near-wall  model  is  shown  in  Figure  1 .  The  flux 
of  momentum  to  che  wall  is  supposed  to  obey  the  relation; 


-  o"'(div(^-  grad  k)  +  Sk] 


•  p”1 (div(— ^  grad  W)  ♦  Sy]  .( 

v 

time-dependence  turbulence-  source 
and  bulk  diffusion 

transport  transport 

The  source  term  for  k  is  expressed  as : 

Sk  "  Gk  "  CDpkW*  • ( 

in  which  the  generation  term  Gfe  can  be  expressed  in 
cartesian-tensor  form  as: 

9u.  3u.  3u. 

Gk  *  VlIT  *  TZi)  1x7  "( 

i  i  i 

No  compressible-flow  adjustment  is  employed  in  the 
present  work. 

The  eddy  viscosity,  u^,  takes  the  form: 


The  source  term  for  W  is  expressed  as : 

Sw  -  k“'w(C3Gk  -  C2pkW_i)  +  C,  t ( | grad  S!|)2 

Q 

-  C^dgradaw'Vl)  5  ,  (6) 

in  which  8  is  the  major  component  of  the  vorticity  of 
the  mean  motion. 

The  first  term  on  the  right  of  equation  (6)  is  similar 
to  Sfe,  the  second  is  a  relatively  small  term,  and  the 
last  is  the  term  which  was  missing  from  k-W  publications 
by  the  present  authors  before  1982. 

The  Turbulence-Model  Constants 

The  complete  set  of  constants  used  in  the  current 
k-W  model  is  given  in  Table  1  below. 


wherein 


E*-ECj  .(9) 

The  drag  law  for  non-equilibrium  flow  is  obtained  by 
inverting  equation  (7)  and  evaluating  the  resultant 
at  node  P  to  give: 

Ts  -  K*oUpk^/UnE*ypkv/v)  .(10) 

Equations  (7)  and  (10)  are  similar  to  se  of  Launder 
and  Spalding  (1974)  except  that  the  k..r  ■  iv  -energy  term 
k  is  here  evaluated  at  the  edge  of  H  •  .  :uar  sublayer 

rather  than  at  node  P. 

The  turbulence  kinetic  energy  kv  is  obtained  by 
extrapolating  the  line  through  kp  and  kE  (Figure  1)  to 
y  -  yv,  thus: 

kv  ”  kp  +  (yp_yv)  ^j-kp) / (yg-yp)  •(") 

kp  is  calcu  aced  from  a  balance  of  turbulence  energy 
generation,  dissipation,  diffusion  and  convection  in  the 
computational  cell  surrounding  the  near-wall  node.  The 

thickness  of  the  laminar  sublayer  yv  and  the  mean  velo¬ 
city  at  the  location  are  obtained  from: 

y  ■  Re  /k1  ,(12) 

*  v  v  V 


Uv  ■  Rev  (Vp)  kv  >(13) 

wherein  Rev  is  the  sublayer  Reynolds  number  assumed  to 
be  20. 

Further  details  of  the  above  treatment  can  be  found 
in  Ilegbusi  (1983). 


C,  C2  C3  l°k  PW  C4  G5 


1.0  0.09  3.5  0.17  1.04  1.0  1.0  2.97  2.0 


Table  1 .  The  values  of  the  constants 


The  mean-square  vorticity  fluctuation,  W,  is  deduced 
from  k  from  the  relation: 

W  -  x"2  <£*  kp/y2  .(14) 

This  serves  as  the  third  boundary  condition. 


The  first  seven  constants  of  the  set  were  established  by 
earlier  work  on  the  original  version  (Spalding  1972) 
while  the  remaining  two,  namely  C4  and  C;  of  che  new 
model,  were  deduced  in  a  previous  paper  (Ilegbusi  and 
Spalding,  1983) . 
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COMPUTATIONAL  DETAILS  OF  SUDDEN-ENLARGEMENT  CALCULATION 


Initial  and  Boundary  Conditions  of  Particular  Problem 

At  the  inlet  section,  the  measured  velocity  and 
turbulence  intensity  are  prescribed.  The  boundary- 
layer  thicknesses  at  the  two  bounding  walls  there 
are  assumed  equal. 

At  the  exit  boundary,  a  constant-pressure  condition 
is  imposed. 

Grid.  A  partial  layout  of  the  grid  network  in  the 
calculation  domain  is  shown  in  Figure  2.  A  total  of  30 
cross-stream  grids  are  used  to  span  4.5  inches,  out  of 
which  14  nodes  are  used  for  the  1.5-inch  step.  The 
first  interior  node  is  0.18  inch  (0.12  step  height) 
from  the  step-side  wall.  The  smallest  axial  grid 
spacing  is  0.3  inch  and  a  total  of  42  axial  nodes 
are  used. 

Effect  of  grid-refinement  studies 

Table  2  shows  the  effect  of  the  above  and  of  five 
other  grids  on  the  turbulence-energy  distribution  at  a 
location  5.33  step  heights  beyond  the  step  and  within 
the  recirculation  region.  The  first  three  columns 
show  the  effect  of  forward-step  size  while  the  last 
three  show  the  effect  of  cross-stream  grids.  It  can 
be  seen  by  reading  along  che  rows  that  the  30x42  grid 
described  above  can  be  considered  sufficiently  refined. 
This  is  the  one  employed  for  the  computations  to  be 
presented. 


ISSi 

20x30 

20x42 

20x47 

25x42 

30x42 

36x42 

y/H 

k/ug 

x  102 

0.18 

2.201 

2.210 

2.216 

2.229 

2.244 

2.248 

0.30 

2.795 

2.840 

2.850 

2.855 
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2.863 

0.51 
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0.63 
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3.953 
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0.75 
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3.985 
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0.87 

3.686 

3.762 

3.770 

3.864 

3.898 

3.910 

0.95 

3.255 

3.513 

3.520 

3.591 

3.602 

3.606 

1.065 

2.641 

2.708 

2.716 

2.726 

2.744 

2.747 

1.125 

1.988 

2.116 

2.121 

2.130 

2.139 

2.139 

model,  while  Figure  8  includes  the  comparable  mea¬ 
surements  of  Tropea  and  Durst  (1980).  Xr  in  Figure  8 
is  the  recirculation  length  which,  for  the  prediction 
is  taken  as  the  distance  from  the  step  to  the  point 


y/H 

U 

if*’02 

0 

-^*102 

U° 

W* 

1  t  n2 

3H*10 

u 

0 

3U/3y  i 

0.18 

-0.056 

-1.400 

2.244 

5.058 

1.590 

0.30 

0.0096 

-2.300 

2.860 

4.192 

2.410 

0.51 

0.138 

-3.967 

3.669 

3.265 

2.788 

0.63 

0.226 

-4.796 

3.961 

3.053 

2.724 

0.75 

0.327 

-5.529 

4.055 

2.898 

2.560 

0.87 

0.439 

-6.129 

3.898 

2.723 

2.345 

0.945 

0.518 

-6.415 

3.602 

2.190 

2.190 

1 .065 

0.651 

-6.668 

2.744 

2.476 

1.924 

1.125 

0.718 

-6.669 

2.139 

2.489 

1 .779 

Table  3.  Predicted  normalised  values  of  flow 
variables  at  axial  location  5.33 
step-heights  beyond  the  step 

where  the  mean  streamline  is  re-anchored  to  the  wall. 


y/H 

0 

u 
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0 

^*102 

0.18 

-0.135 

-1.304 

2.008 

_ 

5.288 

_ 

1.562 

0.30 

0.190 

-2.126 

2.521 

0.51 

0.291 

3.188 

3.492 

3.144 

0.63 

0.357 

-4.016 

3.394 

3.236 

3.185 

0.75 

0.430 

-4.493 

3.425 

3.043 

E 

0.87 

0.508 

-4.823 

3.244 

2.850 

2.958 

0.945 

0.562 

-4.548 

2.987 

2.708 

2.837 

1 .065 

0.649 

-4.985 

2.339 

2.589 

2.609 

1.125 

0.693 

-4.931 

1.914 

2.575 

2.476 

Table  2.  Effect  of  grid  numbers  on 
kinetic  energy,  k/U^ 


the  turbulence 


Table  4.  Predicted  normalised  values  of  flow 
variables  at  axial  location  8  step- 
heights  beyond  the  step 


k-c  calculation 

In  addition  to  the  k-W  model  described,  the 
comparable  computations  have  been  performed  with  the 
k-c  model  as  described  by  Launder  i  Spalding  (1974). 

These  employ  exactly  the  same  boundary  and  in¬ 
ternal  conditions  and  grid  as  those  presented  above 
for  the  k-W  model. 

Computer  Program 

All  computations  have  been  performed  by  means 
of  the  PHOENICS  program  of  Spalding  (1981). 

PREDICTIONS  OF  THE  SUDDEN-ENLARGEMENT  FLOW  RESULTS 

The  results  are  displayed  in  figures  3  to  8  and 
in  Tables  3  and  4.  Alto  shown  in  the  figures  are  the 
experimental  data  of  Kim  et  al  (1978).  Figures  3  to 
6  include  in  addition  the  predictions  with  the  k-c 


DISCUSSION 

Comparison  with  Experiment 

(i)  Pressure.  The  predicted  static- 
pressure  distribution  along  the  no-step  side  wall 
in  Figure  3  compares  well  with  the  measurement 
for  the  k-W  model.  The  predictions  in  Figure  4 
for  the  stepped  wall  show  a  decrease  in  Cp  for 
the  region  up  to  2.2H  (H  being  the  step  height) 
downstream  of  the  step,  compared  with  3.4H  deduced 
from  the  data.  However,  except  for  the  immediate 
neighbourhood  of  the  reattachment  (7.2H  for  the 
k-W  model),  the  difference  between  prediction  and 
measurement  is  within  the  experimental  uncertainty 

(ii)  Mean  velocity.  In  Figure  5,  the  mean  velo¬ 
city  seems  to  be  fairly  well  predicted.  In  the 
first  section,  which  lies  within  the  recircula¬ 
tion  region,  the  peak  reverse  flow  velocity  is 
slightly  underpredicted.  The  recovery  of  the  flow 
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beyond  the  separation  region  appears  to  be  fairly  well 
reproduced  at  the  remaining  two  sections. 

(iii)  Shear  Stress.  The  predicted  shear-stress  distri- 
butions  in  Figure  6  are  in  fair  accord  with  the  measure¬ 
ments.  The  stress  first  increases  monotonically  to  its 
peaks  (at  about  y/H«0.9  for  Che  data  and  0.94  for  the 
k-W  model)  before  descending  to  zero  at  the  axis.  The 
variations  become  more  gradual  with  increase  in  stream- 
wise  distance. 

The  difference  between  predicted  and  measured  peak 
shear-stresses  in  Che  three  sections  considered  ranges 
from  -4X  to  *21?  for  the  k-W  model. 

The  maximum  shear  stresses  along  the  channel  in 
Figures  7  and  8  are  well  predicted  beyond  the  recircula¬ 
tion  region.  This  result  is  consistent  with  the  ob¬ 
served  features  in  Figure  6.  The  prediction  in  Figure 
7  drops  sharply  from  a  maximum  value  near  the  step, 
exhibits  a  kink  at  1.3H  and  rises  to  a  second  maximum  at 
about  5H  beyond  the  step. 

Figure  8  shows  that  the  prediction  agrees  with  the 
daca  of  Tropea  and  Durst  (1980)  in  Che  separation  region. 
The  data  of  Kim  et  al  (1980)  there  may  be  too  low, 
perhaps  because  of  the  use  of  an  x-array  hoc -wire  in 
their  measurements. 


Comparison  with  k-e  predictions 

(i)  Pressure.  The  static  pressures  appear  in 
Figures  3  and  4  to  be  better  predicted  with  the  k-W 
model,  especially  for  the  non-stepped  wall. 

(ii)  Mean  velocity.  The  predicted  mean-velocity 
distribution  with  the  k-t  model  (Figure  5)  compares 
well  with  both  the  k-W  predictions  and  Che  data. 

However,  the  k-c  underpredicts  the  peak  reverse  flow 
velocity  in  the  first  section  (which  lies  in  the  recir¬ 
culation  region)  by  about  40X.  In  addition,  the  k-c 
model  predicts  a  slower  recovery  of  the  flow  than  the 
k-W  and  the  daca  in  the  remaining  two  sections. 

(iii)  Shear  stress.  The  k-c  model  predictions  in  Figure 
6  have  the  same  trend  as  both  the  k-W  predictions  and 
the  data.  The  peak  shear-stresses  occur  at  y/H«0.91 

for  the  k-c  compared  to  0.94  for  the  k-W. 

In  the  three  sections  considered,  the  k-W  model 
appears  to  have  a  more  gradual  return  to  the  free-stream 
levels  than  the  k-c  model. 

The  difference  between  predicted  and  measured  peak 
shear-stresses  in  these  sections  ranges  from  -17.5Z  to 
-1Z  for  the  k-c  model  as  coaipared  to  -4Z  to  +21Z  for  the 
k-W. 

Further  Predictions 

Tables  3  and  4  show  that  the  maximum  turbulence 
energy  occurs  in  the  high-shear  regions  away  from  the 
walls.  The  cross-stream  velocities,  V,  are  all  nega¬ 
tive,  showing  the  expected  flow  towards  the  stepped 
wall  located  at  y-0 . 

The  normalised  frequency  W*/|9U/3y|  shown  in  the 
three  tables  exhibits  a  maximum  near  the  stepped  wall 
and  decreases  progressively  towards  the  core.  The 
normalised  length  scale,  t/3H,  on  the  other  hand,  rises 
gradually  from  the  stepped  wall,  reaches  a  maximum  and 
then  decreases  progressively  towards  the  core.  The 
tables  also  reveal  that  the  magnitude  of  the  length  scale 
increases  with  downstream  distance,  thus  showing  the 
predominance  of  large-scale  motions  beyond  the  recir¬ 
culation  region. 


THE  EXPERIMENTAL  INVESTIGATION 

The  principle  of  the  flow-visualization  experiment 

Wind  tunnels  and  water  channels  are  expensive  to 
build  and  to  run.  It  is  much  cheaper,  and  can  be  very 
instructive,  to  pull  the  flow-creating  body  through 
fluid  at  rest,  as  is  routinely  performed  in  "towing 
tanks”  for  ship  research. 

The  present  technique  is  of  the  pulling-through- 
fluid  kind;  .but  it  has  the  novel  feature  of  using  two 
fluids,  one  above  the  other,  and  making  their  flow- 
induced  intermingling  visible  by  the  use  of  a  dye. 

The  two  fluids  are  at  first  kept  separate  by  a 
small  difference  of  density,  sufficient  to  maintain 
a  perfectly  horizontal  and  well-defined  interface, 
but  not  so  great  as  to  influence  the  flow  generated 
by  the  movement  of  the  test  body.  This  latter  con¬ 
dition  simply  requires  the  Froude  number  U^/gL  greatly 
to  exceed  the  ratio  A p/p;  where  o  stands  for  density 
and  Ap  is  therefore  the  density  difference. 

The  body  is  at  first  immersed  at  rest  within 
the  lower  fluid,  which  is  coloured  with  a  dye.  A 
steady  upward  force  is  then  suddenly  applied  to  it,  so 
that  it  rises,  steadied  by  suitable  guides,  attaining 
a  uniform  velocity  before  it  breaks  through  the  inter¬ 
face  . 

As  the  body  emerges  from  the  lower  fluid,  it  is 
seen  to  carry  with  it,  in  its  boundary  layer  and 
wake,  significant  quantities  of  the  lower  fluid. 
Entrainment  of  clear  (upper)  fluid  into  the  boundary 
layer  and  wake  progressively  dilutes  the  dye,  with 
obvious  visible  consequences. 

A  succession  of  photographs  enables  the  various 
states  of  mixing  to  be  recorded. 

Application 

The  new  technique  has  been  used  to  study  flow 
behind  a  wedge  and  behind  a  bar  (Ilegbusi,  1983). 

Here,  its  application  to  the  downstream  of  a  backward- 
facing  step  is  described. 

The  configuration  has  a  test-section  inlet  height 
of  7.62  cm  with  the  step  height  of  2.54  cm,  thus 
giving  an  expansion  ratio  of  1.5.  The  axial  length 
from  inlet  to  step  is  8  step-heights,  while  that  from 
step  to  exit  is  10. 

Two  measures  have  been  adopted  which,  together, 
ensure  that  the  boundary  layers  on  the  surfaces  of 
the  wedge  are  both  thick  and  turbulent:  a  wire  gauze 
has  been  affixed  to  the  leading  edge,  with  its  plane 
at  right-angles  to  the  motion;  and  the  step-side 
wall  has  been  roughened  with  sandpaper. 

Figure  9  shows  a  succession  of  photographs  taken 
during  the  rise  of  the  body.  The  boundary  layers  and 
wake  are  clearly  visible  and  it  is  evident  that  the 
oscillatory  character  of  the  latter  has  not  been 
completely  damped  by  the  wall.  This  observation  lends 
support  to  the  intermittent  nature  of  turbulence. 

RELATION  OF  THE  EXPERIMENTS  TO  THE  THEORETICAL  MODELS 

Although  intended  to  provide  a  set  of  measurements 
with  which  the  turbulence  model  predictions  could  be 
compared,  the  observations  reported  above  have  had  a 
more  far-reaching  effect;  for  they  have  made  inescap¬ 
ably  obvious  the  feature  of  turbulence  which  both  the 
k-W  and  k-e  models  leave  out  of  account,  namely  its 
intermittency . 

So  universally  is  this  character  of  turbulence 
revealed  by  sufficiently  careful  measurements  that  it 
is  surprising  only  that  turbulence  models  of  the 
present  kind  predict  the  mean-flow  properties  as  well 
as  they  do.  Refinements  which  still  disregard  inter- 
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mittency  no  longer  seem  Co  be  worthwhile. 

Accordingly,  Che  accencion  of  Che  authors  is  now 
moving  cowards  Che  use  of  a  two-fluid  model  (see  e.g. 
Spalding,  1982a,  1982b,  1983)  which  has  che  abilicy  to 
predict  incermictency  and  its  effeccs  on  che  fluctua¬ 
ting  and  cime-mean  characcer  of  che  flow.  Reports  on 
the  preliminary  results  of  this  work  are  in  preparation. 

CONCLUSIONS 

A  revised  version  of  the  k-W  model  of  turbulence 
has  been  successfully  applied  to  turbulent  flow  down¬ 
stream  of  a  backward-facing  step.  The  results  have 
been  compared  with  predictions  based  on  the  k-e  model 
and  with  the  measurements  of  Kim  et  al  (1978).  The  k-W 
and  k-e  models  perform  equally  well  in  simulating  the 
experimental  data. 

A  novel  experimental  technique  of  the  pulling- 
through-f luid  kind  has  been  described  and  applied 
to  flow  downstream  of  a  backward-facing  step.  This  has 
made  che  intermittent  nature  of  the  turbulence  in¬ 
escapably  obvious,  and  stimulated  new  efforts  to  include 
this  feature  in  future  turbulence  models. 
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FIGURE  1.  Near -Walt  Physical  Model 
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FIGURE  2.  Calculation  domain  and  partial  layout  at  the  grid  network 
for  backward -facing  step  (Kim  et  al,  19781. 
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Improvements  to  the  k-e  model  of  turbulence  for 
numberlcal  computation  of  recirculating  flow  beyond 
rearward-facing  steps  and  pipe  expansions  are  presented. 
The  improvements  Involve  sensitising  the  models  to  the 
effects  of  streamline  curvature  and  wall-damped  pres¬ 
sure-strain  interaction,  through  functionalizing  C  .  A 
procedure  consisting  of  a  sequence  of  two  computational 
passes  is  performed  to  obtain  optimal  results  over  the 
entire  flow  field.  Both  the  standard  and  the  low- 
Reynolds  number  versions  of  the  k-e  model  are  used  in 
this  procedure.  Results  obtained  by  applying  the  im¬ 
proved  model  to  simulate  four  previous  experimental  in¬ 
vestigations  arc  presented  and  compared  with  che  experi¬ 
mental  data. 

NOMENCLATURE 

Cp  pressure  coefficient 

H  step  or  expansion  height 

k  turbulent  kinetic  energy 

p  time  mean  pressure 

Re  Reynolds  number  based  on  mean  inlet  velocity 

and  step  height  for  back  step  or  downstream 
pipe  diameter  for  pipe  expansion 

u  mean  velocity  in  che  stresmwlse  or  x  direction 

uT  friction  velocity  (•  (xw/p  )**  •  (C^  Itp)** 

UQ  free-stream  mean  velocity 

x  distance  along  the  main  flow  direction 

x+  dimensionless  value  of  x  (  *  uT  x/v) 

Xg  reattachment  distance 

y+  dimensionless  value  of  y  (  •  u  y/v) 


momentum  boundary  layer  thickness 
dissipation  rata  of  turbulent  energy 
kinematic  viscosity 
density 

wall  shear  stress 

values  at  the  first  near-wall  grid  in  standard 
k-c  model 


w  wall  values 

INTRODUCTION 

The  numerical  computation  of  turbulent  recircula¬ 
ting  flow  is  an  important  area  of  contemporary  engi¬ 
neering  research.  Such  calculations  are  far  from 
routine  since  recirculating  turbulent  flows  are  complex 
fluid-dynamic  phenomena.  Among  two-dimensional  recircu¬ 
lating  flows,  the  rearward-facing  step  is  the  simplest 
flow  of  practical  significance  in  which  the  reattachment 
point  is  not  predetermined.  Axisymmetric  flow  through 
a  pipe  expansion  is  qualitatively  similar  and  also  is  of 
great  practical  importance. 

The  early  studies  of  Abbot  and  Kline  (1962)  identify 
four  distinct  and  dissimilar  flow  regions  or  zones  down¬ 
stream  of  the  rearward-facing  step.  However,  the  classi¬ 
cal  division  of  the  flow  into  two  zones  is  adequate  for 
most  engineering  studies.  Figure  1  shows  this  classical 
division.  The  first  zone  downstream  of  the  step  con¬ 
tains  the  recirculating  pattern  of  flow  near  the  wall 
moving  upstream  and  near  the  dividing  streamline  moving 
downstream.  In  the  second  zone,  beyond  reattachment, 
the  flow  redevelops  to  a  reestablished  turbulent  boundary 
layer. 
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Fig.  1  General  Behavior  of  Reattaching  Flow 

Recirculating  flows  in  simple  two-dimensional  or 
axisymmetric  geometries  have  recently  been  reviewed  by 
Eaton  and  Johnson  (1980),  Aung  (1983),  and  Gooray (1982d . 
Most  studies  report  reattachment  lengths  varying  from 
about  four-and-one-half  to  nine  step  heights  downstream 
of  separation.  The  accurate  prediction  of  reattachment 
length  is  an  important  goal  in  computations  of  recircu¬ 
lating  flows.  Reattachment  length  can  depend  on  many 
physical  factors.  However,  in  turbulent  flow,  when  re¬ 
attachment  distance  is  normalized  by  step  height,  Reynolds 


number  has  no  effect.  Narayan,  et  al.  (1974)  examined 
Che  effects  of  approach  boundary  layer  thickness  on 
reatcachment  length.  Their  experimental  results  Indi¬ 
cate  that  the  effects  are  slight,  particularly  where 
the  boundary  layer  thickness  is  less  chan  one-and-one- 
half  times  the  step  height.  Increasing  the  level  of 
free  stream  turbulence  has  been  found  to  decrease  re- 
actachment  length  (Etheridge  and  Kemp  1978). 

The  standard  k-e  model  of  turbulence  (Launder  and 
Spalding  (1974)  has  been  frequently  applied  to  numeri¬ 
cal  computation  of  flows  beyond  rearward-facing  steps 
and  sudden  pipe  expansions,  cf  Gooray, et  al.  (1981) 
and  Chieng  and  Launder  (1980).  However,  Hanjalic  and 
Launder  (1980)  and  Leschziner  and  Rodl  (1981)  have 
cited  deficiencies  in  Che  standard  k-c  model  and  indi¬ 
cated  the  need  for  including  such  effects  as  normal 
strains,  pressure-strain  interaction  with  wall  damping, 
and  streamline  curvature.  Experimental  measurements 
attest  to  the  importance  of  these  effects  (Chandrsuda 
and  Bradshaw  1981;  Bradshaw  1973). 

The  present  paper  describes  the  numerical  compu¬ 
tation  of  flows  beyond  rearward-facing  steps  and  sud¬ 
den  pipe  expansions  using  an  improved  version  of  the 
standard  k-e  model  of  turbulence.  The  improvements  are 
based  on  the  development  of  a  generalized  expression 
for  the  Cy  term  in  Che  k-e  model  through  incorporation 
of  algebraic  Reynolds  stress  modeling.  As  a  result  of 
this  modification,  the  turbulence  model  is  sensitized 
to  account  for  the  effects  of  streamline  curvature  and 
pressure-strain  interaction  with  wall  daziping. 

In  order  to  further  improve  the  present  results 
in  the  vicinity  of  reattachment  and  beyond,  the  Jones 
and  Launder  (1972)  low-Reynolds  number  version  of  the 
k-e  model  was  applied  in  the  redevelopment  region  down¬ 
stream  of  reatcachment.  A  generalized  expression  for  Cy 
is  also  derived  to  improve  the  low-Reynolds  number  model 
in  the  redevelopment  region.  In  the  case  of  computa¬ 
tions  for  the  present  geometries,  a  two-pass  procedure 
(Gooray,  et  al.  1982b)  is  used  to  patch  the  two  versions 
of  the  model  together.  In  this  procedure  the  improved 
standard  k-c  model  is  applied  to  the  entire  flow  region 
to  predict  the  reatcachment  point.  Then,  with  the  re- 
attachment  point  known,  a  second  computational  pass  is 
performed  with  the  improved  standard  k-c  model  applied 
upstream  of  reattachment  and  the  improved  low-Reynolds 
version  of  the  model  applied  downstream. 

In  companion  studies  (Gooray,  et  al.  1983a  ;  Gooray, 
et  al.  1983b)  to  the  present  research,  Che  Improved 
method  was  applied  to  predict  heat  transfer  rates  for 
the  present  geometries  and  for  surface  cavities.  In 
these  studies  generalized  expressions  were  also  derived 
for  the  turbulent  Prandtl  number. 


Gooray  (1982a) .  The  derivation  proceeds  from  the  tur¬ 
bulence  model  based  on  algebraic  approximations  to  the 
Reynolds  stress  transport  equations.  Closure  of  this 
algebraic  stress  model  with  wall  damping  terms  retained, 
as  described  by  Hanjalic  and  Launder  (1976),  results  in 
the  following  set  of  algebraic  equations  for  the  stress 
components,  u^uj 


7  (VV+tSij  (3) 


where  involves  products  of  mean  gradients  and  the 
u!u! ,  ana  where  P  •  1/2  is  the  rate  of  production 
of  3  turbulent  energy  (a  term  in  Che  k  transport  equa¬ 
tion  ,  See  Appendix).  The  following  definitions  also 


apply 

A’  =  <l-Cs2>/[  £  -  1  +  Csl  -  Cslu  f(i/*2)]  (4) 


and 


A  *  Cg2u  f(7/x2)  A  /(1-Cs2)  (5) 


In  (4)  and  (5)  the  near-wall  function  f(t/x_)  is  modeled 
so  as  to  take  on  a  value  of  unity  near  a  wall  and  zero 
remote  from  a  wall.  It  is  modeled  so  as  to  reflect  the 
Importance  of  both  side  and  bottom  walls  in  the  corner 


region  of  Fig.  1  so  that 


f(i/x2) 


where,  1/x  ■  0  for  (D/2-y)  <  d/2  and  D  and  d  are  the 
large  and  small  channel  widths  or  diameters,  respective¬ 
ly.  The  C's  are  empirical  constants  given  in  Gooray,  et 
al.  (1983b)and  tabulated  in  the  Appendix. 

To  include  the  effects  of  streamline  curvature  in 
the  analysis  the  procedure  of  Leschziner  and  Rodi  (1981) 
is  followed.  Using  this  procedure,  with  some  degree  of 
approximation  (3)  are  expressed  in  streamline  coordi¬ 
nates  (s,n)  where  coordinate  s  is  along  the  streamline 
and  n  is  normal  to  the  streamline.  By  lengthy  algebraic 
elimination,  a  unique  expression  for  the  Reynolds  shear 
stress,  ugu^  can  be  obtained.  The  final  expression  is 


t  •  7  ,  p  3u 

~u.un  ")t  ®  e  1)  (  9n5’ 


ir  4 

c 


in  which. 


TURBULENCE  MODEL 

The  standard  k-e  model  of  turbulence  is  applied  to 
the  time-averaged  Navler-Stojkea  equations  wherein  the 
Boussinesq  approximation  is  used  to  express  viscous 
diffusion  in  terms  of  an  effective  viscosity.  The 
effective  viscosity  is  represented  as  the  sum  of  mole¬ 
cular  and  turbulent  contributions,  where 


k^  T  '  2  us  "  '  us 

S4-1+]T  I  ®  A  r*S1  +  4A  S2(3A  f 
€  L  c  c 

f  3us  "  1 

+  A  ^  +  A  VJ 

and, 


(8) 


3u  /3n  +  u  /R 
s  sc 


9u  /3n  +  3  u  /R 
s  sc 


The  curbulent  viscosity  is  computed  from  the  turbu¬ 
lent  kinetic  energy  k  and  its  rate  of  dissipation  c , 
where 

ut  -  Cu  o  k2/c  (2) 

and  Cu  is  normally  assumed  a  constant.  Transport  equa¬ 
tions  for  k  and  c  complete  the  closure.  The  reeulting 
set  of  equations  in  a  form  appropriate  for  the  numeri¬ 
cal  solution  of  two-dimensional  or  axlsymmetric  flow 
are  not  reproduced  here  but  are  given  in  a  number  of 
aourcee,  cf  Gooray,  et  al.  (1981). 

Some  Investigators  (Leschziner  and  Rodl  1981; 
Humphrey  and  Pourahmadl  1980)  have  obtained  more 
realistic  turbulence  models  by  deriving  functional 
expressions  for  Cy.  This  approach  is  followed  here 
with  the  general  outline  of  the  present  derivation 
given.  The  complete  algebraic  details  are  given  in 


R  is  the  radius  of  streamline  curvature, 
c 

The  expression  for  C  results  from  comparing  (7) 
with  the  Boussinesq  approximation  from  the  shear  stress 
in  streamline  coordinates.  The  result  is 

cy  -  -  f  a’  (a'  £  —  1)/S4  (10) 

Equation  (10)  reduces  to  the  more  restrictive  formulation 
of  Leschziner  and  Rodi  (1981)  if  equilibrium  of  turbu¬ 
lence  energy  is  assumed  and  if  "wall  damping"  corrections 
in  the  pressure-strain  terms  are  Ignored,  i.e.  P/c«l 
and  A"«0. 

Equation  (10)  was  not  used  with  the  low-Reynolds 
number  version  of  the  k-e  model  for  the  redevelopment 
region  in  the  two-pass  procedure.  Instead,  a  similar 
but  more  algebraically  complex  functionalized  relation 
was  obtained  from  the  Reynolds  shear  expression  in  x-y 


coordinate*.  This  relation  is  given  In  Che  Appendix. 


NUMERICAL  METHODS 

The  numerical  computations  of  the  present  research 
were  carried  out  using  a  modified  version  of  the  TEACH- 
T  computer  code  (Gosman  1976).  The  modifications  in¬ 
cluded  replacement  of  the  original  hybrid  interpolation 
scheme  by  the  quadratic  interpolation  or  "QUICK"  scheme 
of  Leonard  (1979),  since  grid  independent  results  can 
be  obtained  more  readily  with  the  QUICK  scheme.  In 
applying  the  iterative  line  solution  algorithm  of  TEACH- 
T  to  the  QUICK  scheme,  care  must  be  exercised  to  avoid 
convergence  difficulties  associated  with  the  lack  of 
diagonal  dominance  of  the  system  of  discretized  equa¬ 
tions.  The  present  research  accomplishes  this  by 
partial  linearization  of  the  source  terms  in  these  equa¬ 
tions,  thus  permitting  their  implicit  evaluation. 

Conventional  wall  functions  (Launder  &  Spalding 
1974)  were  applied  in  the  calculations  involving  the 
standard  model,  although  recent  research  (Johnson  and 
Launder  1982)  suggests  that  further  improvement  in  re¬ 
sults  can  be  achieved  by  modifying  the  standard  wall 
treatment.  Further  details  of  the  present  numerical 
methods  and  the  prescribed  numerical  boundary  conditions 
are  given  by  Gooray  (1982a). 

RESULTS  AND  DISCUSSION 

The  present  improvements  to  the  k-c  model  were 
applied  to  the  two-dimensional  rearward-facing  step  or 
pipe  expansion  flows  studied  in  four  experimental  in¬ 
vestigations  by  previous  researchers  (Aung  and  Goldstein 
1972;  Moss  and  Baker  1980;  Eaton  and  Johnson  1980; 
Zemanick  and  Dougall  1970).  The  emphasis  herein  is 
placed  on  comparisons  between  numerical  and  experimental 
hydrodynamic  data.  Comparisons  with  heat  transfer  data 
and  with  previous  k-c  formulations  are  given  by  Gooray, 
et  al.  (1983b). 

Figure  2  shows  a  typical  non-uniform  grid  distri¬ 
bution  used  with  the  improved  standard  model  in  the 
present  study.  For  most  of  the  calculations,  the  dimen¬ 
sionless  coordinate  of  the  first  grid  point  away  from 
the  wall  yi  was  approximately  15.  For  a  typical  non- 
uniform  grid  size  of  25  by  28,  convergence  was  obtained 
after  about  250  iterations  with  CPU  times  on  an  IBM 
3033S  averaging  around  four  minutes. 

tee  way  of  testing  the  validity  of  turbulence 
models  is  to  check  the  accuracy  and  consistency  of  the 
reattachment  length  predicted  using  them.  Consequently, 
in  the  present  study  various  numerical  experiments  were 
undertaken  to  assess  the  reliability  of  predictions  of 
reattachment  lengths. 

Table  1  aunmarlzes  reattachment  lengths  computed 
by  including  the  various  improvements  in  the  standard 


version  of  the  k-c  model  discussed  previously  and  com¬ 
pares  them  with  experimental  values  for  the  experiments 
simulated.  In  the  table,  the  expression  "partially 
functionalized  C^"  refers  to  exclusion  of  wall  damping 
corrections  and  imposing  the  equilibrium  of  turbulence 
energy  assumption  as  the  formulation  of  Leschziner  and 
Rodi  (1981).  "Fully  improved  prefers  to  (10).  The 
results  indicate  that  employing  the  fully  improved  ex¬ 
pression  for  C  yields  reattachment  lengths  consistent 
with  the  experimental  data,  except  for  the  data  of  Aung 
and  Goldstein  (1972).  However,  the  reason  for  over  pre¬ 
diction  of  the  Aung  and  Goldstein  measured  value  is  ex¬ 
plainable.  In  their  experiments,  the  boundary  layer 
trip  was  located  at  eleven  trip-heights  upstream  of  the 
step,  which  results  in  the  persistence  of  a  higher  level 
of  turbulence  intensity  at  the  step,  thus  influencing 
the  length  of  the  recirculating  zone.  Numerical  experi¬ 
ments  conducted  to  simulate  this  effect  tend  to  substan¬ 
tiate  this  explanation. 


>w»» 


Fig.  2  Typical  Grid  Distribution 


In  another  numerical  experiment,  calculations  were 
performed  using  step  heights  of  four,  six  and  eight  mil¬ 
limeters  in  a  typical  flow  over  a  rearward-facing  step 
(Aung  and  Goldstein'  1972),  for  the  purpose  of  examining 
the  effect  of  step  height  on  reattachment  length.  The 
computed  value  of  xr/H  remained  constant  for  all  three 
cases.  These  results  were  obtained  by  using  both  the 
original  standard  k-e  model  and  the  fully  Improved  model. 

As  described  in  the  introductory  section  of  this 
paper,  the  second  pass  of  the  two-pass  procedure  employs 


TABLE  1.  SUMMARY  OF  FIRST-PASS  PREDICTED  REATTACHMENT  LENGTHS 


Predictions  of  Reattachment  length,  x^/H 

Geometry 

Experimental 
values  of  x^/H 

C  -0,09 

_ “ _ 

Cy  partially  functionalized; 

lUarvard- 

ficlng 

Seep 

_ 

4. 5-5.0 

Aung  and  Goldstein 
(1972) 

■ 

n 

5.8 

5.2  | 

! 

5. 7-6.0. 

Moss  and  Baker (1980] 

4.9 

6.0 

5.3 

Rearward- 

facing 

Step 

7.97 

Eaton  and  Johnson 
(1980) 

5.1 

7.5 

5.9 

I 

Pipe 

Expansion 

6-9 

Zemanick  and  Dougall 
(1970) 

6.4 

8.4 

7.1  j 

1 

1 

the  low-Reynolds  number  version  of  Che  k-e  model.  Since, 
ineteed  of  utilizing  well  functions,  this  version  per¬ 
mits  computation  all  the  way  to  the  wall,  more  accurate 
flow  field  predictions  downstream  of  reattachment  can  be 
achieved  with  it.  (The  low-Reynolds  number  version's 
performance  is  poor  upstream  of  reattachmenc)  since  it 
was  developed  for  a  boundary- layer  flow).  The  improved 
downstream  results  also  slightly  influence  and  improve 
the  results  upstream  of  reattachment.  Except  for  Table 
1,  the  data  presented  herein  were  all  obtained  using  the 
two-pass  procedure.  Table  2  compares, for  two  flows,  the 
reattachment  lengths  computed  from:  a  single  pass  with 
the  improved  standard  model  (as  in  Table  1) ,  the  two- 
pass  procedure,  and  a  three-pass  calculation  where  the 
reactachment  point  estimate  from  the  second  pass  was 
used  to  recycle  the  second-pass.  It  is  fair  to  say 
that  the  single  pass  reattachment  length  results  are 
not  significantly  improved  in  subsequent  passes.  Fur¬ 
ther  refinement  in  Table  2  is  impossible  since  in  the 
terminal  pass  the  interpolated  location  of  the  reattach¬ 
ment  point  does  not  move  beyond  a  grid  line  on  the  fixed 
grid  used. 


EFFECTS  OF  MULTIPLE  PASSES  ON  REATTACHMENT  LENGTH 


GEOMETRY 

VH 

No.  of  Passes 

Rearward-facing 

5.8 

1 

Step 

6.1 

2 

Aung  and  Goldstein 

(1972 

6.1 

3 

Pipe  Expansion 

8.4 

1 

Zamanick  and 

8.6 

2 

Dougall  (1970) 

8.7 

3 

Typical  computed  velocity  profiles  are  shown  in 
Fig.  3  where  they  are  compared  with  the  experimental 
data  of  Moss  and  Baker  (1980).  A  similar  comparison 
with  the  data  of  Eaton  and  Johnston(1980)  is  given  in 
Fig.  4.  In  both  cases,  the  agreement  between  computa¬ 
tion  and  experiment  is  fairly  good. 

Figures  3  and  6  depict  typical  computed  and  experi¬ 
mental  (Eaton  and  Johnston  1980)  surface  pressure  co¬ 
efficient  variation  in  the  cross  stream  (y)  and  stream- 
wise  (x)  directions,  downstream  of  the  step.  Again,  the 
agreement  is  fairly  good. 

Figure  7  is  a  plot  of  the  streamwlse  variation  of 
the  peak  value  of  k  (maximum  value  obtained  by  travers¬ 
ing  the  flow  in  the  cross  stream  direction)  for  simu¬ 
lation  of  the  Moss  and  Baker  (1980)  experiments.  As 
was  the  case  with  the  mean  flow  variables,  the  computed 
results  for  this  turbulence  quantity  agree  reasonably 
well  with  the  experimental  measurements. 


EXPBRWIENT:  MOSS  *  BAKER  UNO 
PRESENT  PfCOtCTKM  (TWO-PASS  PROCEDURE) 


m  -  s«io* 


I  •  4  «/H  -  7 


Fig.  3  Streamwlse  Mean  Velocity  Downstream  of  Step 
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Fig.  4  Streamwise  Mean  Velocity  Downstream  of  Step 


•  EXPERIMENT:  EATON  S  JOHNSTON  <* 
_  PRESENT  PREDICTION 


•0.1  0  0.1 


Fig.  5  Cross  Stream  Pressure  Variation 


EXPERIMENT:  EATON  AND  JOHNSTON  (1980) 
PRESENT  PREDICTION 
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Fig.  6  Streamwise  Pressure  Variation 
CONCLUSIONS 

The  present  results  indicate  that  the  k-t  model  of 
turbulence,  improved  by  Including  the  effects  of  stream¬ 
line  curvature  and  wall-damped  pressure-strain  inter- 


18.29 


action,  and  appliad  in  a  cvo-paas  computational  pro- 
cadura  ia  capabla  of  raaaonably  accurate  recirculating 
flow  prediction*.  Computed  reattachment  lengths,  mean 


.  DtPIMMCNT  M083  l  BAKER  {MB 
- AREBEWT  PREDICTION 


Fig.  7  Streaawlae  variation  of  Peak  Turbulent  Kinetic 

Energy 


flow  variables,  and  turbulent  kinetic  energy,  for  flow 
beyond  rearward-facing  steps  and  sudden  pipe  expansions 
agree  reasonably  well  with  experimental  data.  There¬ 
fore,  for  engineering  calculations  in  these  flows,  the 
k-c  model  ia  a  viable  alternative  to  more  complex 
higher-order  closure  schemes. 

The  method  developed  has  potential  for  future  re¬ 
finement,  for  example,  by  adding  the  wall  function 
modifications  developed  by  Johnson  and  launder  (1982). 
However,  due  to  the  Inherent  limitations  of  k-t  repre¬ 
sentations  of  turbulence,  it  is  uncertain  at  this  time 
if  the  present  methodology  can  also  be  successfully 
applied  ocher  geometries  of  engineering  interest  and 
further  research  is  needed. 
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STREAMLINE  CURVATURE  EFFECTS  XN  CONFINED  ISOTHERMAL 
RECIRCULATING  FLOWFIELDS  BEHIND  AN  AXISYMMETRIC  BLUFF  BODY : 
NUMERICAL  CALCULATIONS  WITH  THE  k-e  TURBULENCE  MODEL 
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ABSTRACT 

Tha  oo nf in ad  turbulant  racirculating  flowfield  dua 
to  tha  isothermal  nixing  of  dual  coaxial  straaaa  in  tha 
near-wake  rag  ion  of  an  axisywmetric  bluff  body  is  numar- 
ically  invastigatad.  Tha  f inita-dif f aranca  oonputations 
baa  ad  upon  tha  Reynolds- averaged  Kaviar-Stokaa  aquations 
and  tha  k-«  turbulanca  nodal  mcaaina  nodif ications  to 
the  turbulanca  nodal  to  account  for  the  affects  of 
streanline  curvature  and  for  tha  preferential  influence 
of  normal  strassaa  on  turbulanca  dissipation.  This  ex¬ 
amination  is  facilitated  by  a  comparison  of  the  pre¬ 
dicted  and  naasurad  results  of  tha  axial  and  radial 
distributions  of  the  naan  and  ms  axial  velocity,  tha 
centerline  stagnation  points,  and  tha  axial  decay  of  the 
center line  CO 2  concentration. 

introduction 

This  paper  deals  with  tha  numerical  prediction  of 
a  complex  turbulant  flowfield.  As  noted  by  Bradshaw 
(1975),  a  complex  turbulant  flow  is  ana  which  cannot  be 
predict ad  with  acceptable  accuracy  by  methods  developed 
in  classical  thin  shear  layers.  Tha  assumptions  inher¬ 
ent  in  tha  th in-shear-lay er  approximation  are  often  in¬ 
validated  in  realistic  flowfialds  by  tha  presence  of 
several  features  (a. 9.,  interacting  shear  layers  or  high 
rotas  of  strain  associated  with  large  streamline  curva¬ 
ture).  Tha  research  program  of  which  the  present  study 
is  a  part  is  directed  at  predicting  an  axiayomstric 
flowfield,  hereafter  referred  to  as  the  center body  com¬ 
bustor  configuration  (CBCC),  which  appears  to  exhibit 
som  of  the  features  characteristic  of  complex  turbulent 
flows. 


A  large-scale  CBCC  has  been  in  use  at  the  Air  Force 
Wright  Aeronautical  Laboratories,  Aero  Propulsion 
Laboratory  (APL),  Wright-Patterson  Air  Force  Base  in  a 
research  program  aiding  the  evaluation  and  development 
of  oombustor  models  (Roquemore  et  al.  1980).  A  small- 
scale  model  of  the  APL  CBCC  operates  at  tha  Combustion 
Laboratory  of  the  University  of  California,  Irvine  (UCI) 
(e.g.,  see  Brum  et  al.  1982).  Ongoing  experiments  in 
both  places  involve  nonreacting  and  reacting  flows  with 
intrusive  and  non  intrusive  diagnostics. 

Tha  upper  part  of  Figure  1  shows  schematically  the 
large-  and  small-scale  CBCC.  This  involves  oonfined 
turbulent  mixing  of  an  annular  air  stream  and  a  central 
gas  (COj  in  isothermal  axpar ixents  and  C3H3  in  com¬ 
busting  experiments)  jet  in  the  near-wake  region 
downstream  of  a  bluff  body. 

Figura  1  shows  that  the  ratio  D/d  is  rather  large 
(29  for  tha  APL  and  23  for  the  UCI  configurations). 
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Indeed,  the  present  interjet  separation  is  much  larger 
than  that  studied  in  typical  coaxial  jet  mixing  of  both 
confined  and  unconfined  flowfields  in  the  literature. 

The  wide  separation  between  the  jets  and  the  concomitant 
presence  of  the  toroidal  recirculating  bluff-body  wake 
in  the  mixing  region  have  raised  some  interesting  flow- 
field  ramifications  addressed  only  recently  in  numerical 
predictions  (e.g.,  see  Krishnamurthy  1981;  Sturgess  and 
Syed  1982,  hereafter  denoted  by  SS;  and  Krishnamurthy 
and  Park  1983,  hereafter  denoted  by  KP).  Depending  on 
the  strength  of  the  annular  and  central  jets,  the  CBCC 
flowfield  exhibits  wake-like  and  jet-like  characteristics 
under  isothermal  conditions  (e.g.,  see  Krishnamurthy, 
Wahrer,  and  Cochran  1983).  Nevertheless,  the  juxta¬ 
position  of  the  two  streams  with  the  near-wake  region  in 
a  confined  configuration  renders  the  CBCC  flowfield  a 
highly  "complex  turbulent  flow,"  in  the  sense  of 
Bradshaw  (1975).  In  addition  to  the  interacting  shear 
layers,  large  streamline  curvature  is  present. 
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Figure  1.  CBCC  schematic  and  computational  domain. 
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Background  and  Objectives 

SS  and  KP  employed  the  two-equation  model  for  the 
turbulent  kinetic  energy  k  and  its  dissipation  rate  e 
(Launder  and  Spalding  1974) .  This  model  in  its  stan¬ 
dard  version  does  not  account  for  streamline  curvature 
effects.  Its  predictions  overestimated  the  extent  of 
the  recirculation  region  in  the  APL  CBCC  compared  with 
the  laser  Doppler  anemometry  (LDA)  data  of  Lightman  et 
al.  (1980).  This  was  in  oontrast  to  the  experience  of 
several  previous  studies  of  turbulent  recirculating 
flows  where  significant  underprediction  was  observed 
(e.g.,  see  Pope  and  Uhitelaw  1976;  Militzer  et  al.  1977; 
Sosman  et  al.  1979;  Dursc  and  Rastogi  1980).  Also,  SS 
and  KP  overpredicted  the  central  jet  CO 2  mass  flow  rate 
required  to  eliminate  the  centerline  reverse  air  flow. 
Another  aspect  in  which  the  prediction  was  deficient 
concerned  the  axial  distribution  of  the  centerline  rms 
axial  velocity  component. 

It  is  known  that  the  turbulent  shear  stress  and  the 
degree  of  anisotropy  between  the  normal  stresses  are 
very  sensitive  to  streamline  curvature  (Bradshaw  1973). 
Thus,  the  presence  of  large  curvature  in  the  CBCC  may 
have  contributed  in  put  to  the  discrepancy  between  the 
measurement  and  prediction.  Accordingly,  the  main  ob¬ 
jective  of  the  present  study  was  to  examine  the  in¬ 
fluence  of  curvature  corrections  in  the  prediction. 
Recent  availability  of  extensive  isothermal  LDA  data 
from  UCI,  as  well  as  LDA  (Lightman  et  al.  1983)  and  CO 2 
concentration  (Bradley  et  al.  1982)  data  from  APL  has 
facilitated  this  inquiry. 

The  calculations  with  standard  k-e  model  underpre¬ 
dicted  the  centerline  recirculation  length  in  the  UCI 
CBCC.  The  introduction  of  a  curvature  correction,  along 
the  lines  suggested  by  Leschziner  and  Rodi  (1981, 
hereafter  denoted  by  LR) ,  resulted  i’  only  a  partial 
improvement  of  the  prediction.  Therefore,  the  second 
objective  was  to  examine  the  impact  of  the  diffusion- 
equation  modification  considered  in  LR.  A  final  objec¬ 
tive  was  the  corap arisor  of  the  predictions  with  the 
newer  APL  data  to  elucidate  the  distinctions  between  the 
small-  and  large-scale  CBCC. 

Scope.  This  paper  deals  with  the  isothermal  flow- 
field  predictions.  As  in  SS  and  KP,  present  work 
employs  the  TEACH  computational  procedure  (Sosman  and 
Ideriah  1976),  and  the  standard  features  of  the  numerics 
thereof.  An  additional  feature  considered  here  is  the 
power-law  differencing  scheme  (Patankar  1980)  in  place 
of  the  hybrid  upwind  scheme.  While  both  the  APL  and  the 
UCI  configurations  were  studied,  only  a  limited  para¬ 
metric  range  of  the  flowfield  conditions  investigated  is 
reported. 

NUMERICAL  COMPUTATIONS 

The  details  concerning  th  application  of  the  TEACH 
procedure  to  the  CBCC  flowfields  are  available  in 
Krishnamurthy  et  al.  (  1983)  and  in  KP  and  therefore  are 
not  repeated  here. 

Computational  Details 

The  lower  part  of  Figure  1  shows  the  present  com¬ 
putational  domain  and  the  grid-point  distribution.  The 
grid  consists  of  41  axial  nodes  and  39  radial  nodes  with 
a  nonuniform  spacing  in  both  directions  to  ensure  ade¬ 
quate  spatial  resolution  in  flowfield  regions  with  large 
gradients  of  the  flow  variables.  The  calculations  with 
this  grid  require  about  170,000g  words  of  memory  on  the 
COC  CYBER  computer.  The  converged  solutions  are 
attained  in  less  than  900  iterations,  with  each  itera¬ 
tion  taking  lass  than  a  second  of  computer  time. 

The  results  herein  correspond  to  the  conditions 
shown  in  Table  1,  with  uniform  inlet  profiles  for  the 
mean  axial  velocity,  corresponding  to  W*  in  the  annular 
jet  and  Wy  in  the  cantral  Jet.  The  Reynolds  number  Re* 
of  the  air  flow  is  based  upon  D  and  the  reference  velo¬ 
city  in  the  duct.  The_Reynolde  number  Ray  of  the  CO 2 
flow  is  based  upon  d  and  Wy. 

Turbulence  Model 

The  turbulent  eddy  viscosity  Ut  (the  affective  vis¬ 
cosity  appearing  in  the  governing  equations  is 

given  by  lit  +  V  where  u  is  the  laminar  viscosity)  in  the 
k-«  model  is  obtained  from  ut  »  c^pk2/e,  where  p  is  the 
mass  density  aid  cj)  is  a  constant  equal  to  0.09. 


TABLE  1 

FLOWFIELD  CONDITIONS 


CBCC 

Temp. 

K 

d 

m/s 

w 

A 

m/s 

Air 

Mass 

Flow 

kg/s 

x102 

"  ~ 

R6A 

xIO-5 

w 

F 

m/s 

C°2 

Mass 

Flow 

kg/s 

xIO5 

R6f 

xIO-4 

32.91 

46.76 

200 

3.08 

(kg/hr) 

APL 

51.19 

167 

2.44 

(6) 

136.5 

444 

6.50 

300 

(  16) 

7.5 

11.68 

1.86 

0.  153 

15.0 

23.35 

3.72 

0.306 

UCI 

24.82 

5.93 

0.32 

(0.  213) 

Isotropy  is  assumed  in  obtaining  k  from  the  rms  velocity 
components,  according  to  k  «  (3/2)w2,  where  w  is  the 
axial  rms  velocity  component.  The  inlet  profile  of  k  is 
given  by  0.03  for  the  annular  jet  and  by  0.03  W2  for 
the  central  jet  (see  SS  and  KP).  The  required  inlet 
profile  for  e  is  specified  as  discussed  below. 

Inlet  Turbulence-Length  Scale.  As  in  KP,  we  obtain 
the  inlet  profile  of  e  from  e  ■  kJ/2/t,  where  the  inlet 
turbulence- length  scale  1  is  given  by  i  •  16  .  Here  1  is 
a  specified  constant  and  S  is  a  characteristic  reference 
length  given  by  (D,j-D)/2  for  the  annular  jet  and  d/2  for 
the  central  jet.  KP  used  0.3333  and  0.5556  for  X.  The 
former  value  is  equivalent  to  "  3  used  in  SS  (since 

they  employ  e  »  c„k3/2/t)  and  the  latter  value  is  used 
in  LR.  Present  results  are  based  upon  X  »  0.5556. 

Streamline  Curvature  Correction.  Curvature  modifi¬ 
cations  to  turbulence  models  have  been  attempted  by  a 
number  of  researchers  (e.g. ,  see  LR;  Humphrey  and 
Pourahmadi  1981;  Rod_  and  Scheuerer  198  2;  and  the  refer¬ 
ences  cited  in  them).  A  majority  of  these  modifications 
have  been  concerned  with  the  k-c  model.  Present  numeri¬ 
cal  investigation  has  introduced  a  curvature-dependent 
(and  hence  nonconstant)  Cy  into  the  standard  k-e  model. 
Following  LR,  we  have 


where  R-  is  the  local  radius  of  curvature  of  a  stream¬ 
line,  the  subscripts  s  and  n  denote  the  coordinates 
along  and  normal  to  the  streamline,  and  K^  and  K2  are 
constants  equal  to  0  .  267  and  -0.489  respectively. 
Although  an  element  of  arbitrariness  in  LR  is  noted  by 
So  (1982),  the  discussion  therein  emphasizes  the  utility 
of  the  formulation  of  LR  which  is  retained  here.  Also, 
as  in  LR,  the  calculations  impose  an  arbitrary  positive 
lower  bound  of  0.0  25  on  . 

e  Modification.  We  employ  the  preferential  modifi¬ 
cation  of  dissipation  proposed  in  LR  for  recirculating 
flowfields.  Although  additional  work  is  necessary  in 
view  of  the  ad  hoc  nature  of  this  modification,  its 
inclusion  throws  some  light  on  the  observed  distinction 
between  the  small-  and  large-scale  CBCC. 

RESULTS  AND  DISCUSSION 

Pertinent  Results  from  SS  and  CT 

To  sat  the  present  results  in  context,  we  show  in 
Figure  2  the  earlier  results  from  SS  and  KP.  With  iden¬ 
tical  values  of  X  (0.03  in  SS),  the  two  (grid  A  in  KP) 
show  good  agreement  in  their  degrees  of  underprediction 
of  the  forward  stagnation  points  (FSP )  and  overpredic¬ 
tion  of  the  rear  stagnation  points  (RSP)  (the  FSP  occurs 
where  the  central  jet  loses  its  forward  momentum 
entirely  and  the  RSP  is  the  usual  end  of  the  recir¬ 
culation  zone). 
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Figure  2.  Measured  and  predicted  centerline  stagnation 
points  for  APL  CBCC.  e,  ■  lda  results: 
Lightman  et  al.  (1980).  The  predictions  are 
based  upon  hybrid  upwind  .differencing 

scheme.  - :  SS  (39  x  39),  X  -  0.3333;  O  : 

KP,  grid  A  (41,  34 ) ,  X  «  0.3333;  O  :  KP, 
grid  B  (41,  34),  X  -  0.3333;A:  KP,  grid  B 
(41,  34),  X  »  0.S556,  with  curvature  correc¬ 
tion.  Grid  B  had  more  nodes  in  the  annular 
region  than  grid  A. 

The  measurements  showed  that  for  «  47  m/s  and 
Wp  -  135  m/s  (corresponding  respectively  to  an  air  mass 
flow  of _  2  kg/s  and  CO  2  mass  flow  of  16  kg/hr  in  the  API 
CBCC),  w  was  nonnegative  on  the  centerline.  Indeed,  the 
minimum  CO 2  mass  flow  which  eliminated  the  centerline- 
flow  reversal  was  inferred  from  the  measurements  to  be 
14.7  kg/hr  in  SS.  The  predictions,  however,  indicate 
the  occurrence  of  the  centerline  reverse  flow  (with  both 
stagnation  points  present)  at  16  kg/hr. 

Curvature  Correction.  The  preliminary  results  in 
KP  for  streamline  curvature  correction  are  shown  for  two 
CO 2  flow  rates  (viz.,  4  and  8  kg/hr).  It  must  be  noted 
that  the  increase  in  X  from  0.3333  to  0.5556  has  masked 
the  affect  of  the  correction.  SS  and  KP  have  observed, 
however,  that  the  increase  in  X  (without  the  correction) 
moves  nonotonic ally  both  the  stagnation  points  upstream, 
thereby  resulting  in  greater  underprediction  of  the  FSP. 
With  the  correction,  the  FSP  moves  farther  downstream 
towards  the  measured  value.  The  degree  of  overpredic¬ 
tion  of  the  DSP  is  seen  greatly  reduced  with  the  larger 
X  and  the  curvature  correction.  Finally,  the  prediction 
with  the  correction  has  eliminated  the  centerline-flow 
reversal  at  the  C02  flow  of  16  kg/hr. 

Unlike  the  good  agreement  for  the  centerline  stag¬ 
nation  points,  the  centerline  peak  negative  mean  axial 
velocity  Wg,  was  overpredicted  with  the  curvature  correc¬ 
tion.  Since  KP  had  not  isolated  the  influence  of  X , 
hybrid  upwind  differencing  (and  the  propensity  for 
numerical  diffuaion  therein)  and  the  arbitrarily 
modified  grid  B,  it  was  essential  to  examine  the  effect 
of  the  curvature  correction  more  systematically. 

PCI  Configuration 

Figure  3  compares  the  present  predictions  with  the 
measurements.  We  note  that  the  standard  model  underpre¬ 
dicts  both  the  stagnation  points  by  about  30%,  a  result 
in  agreement  with  other  studies.  Considerable  improve¬ 
ment  is  seen  when  the  curvature  oorrection  to  Cy  _ia 
introduced.  However,  the  stagnation  points  and  W,,  are 
still  underpredict  ad.  With  the  e-equation  modification 
in  addition  to  the  curvature  correction,  excellent 
agreement  is  seen  for  0  <  z/D  4  1.6.  Farther  down¬ 
stream,  the  measured  recovery  is  greater  than  given  by 
all  the  predictions. 

Comparison  of  ras  Velocity.  The  results  seen  in 
Figure  4  do  not  confirm  the  good  agreement  observed  for 
the  mean  axial  velocity.  In  fact,  the  predictions  are 
very  poor  especially  for  z/D  <  1.3.  The  somewhat  better 
agreement  seen  for  3  <  z/D  «  3  is  not  consistent  with 
the  greater  disparity  noted  for  the  mean  velocity.  Of 
eourse,  a  major  problem  in  the  predictions  is  the 
assumption  of  isotropy,  which  is  known  to  be  invalid  in 
the  near  wake.  Furthermore,  good  agreement  for  w  and 
poor  agremaent  for  w  appear  to  be  characteristic  of 
Complex  turbulent  flows  (e.g. ,  see  Wood  and  Bradshaw 
19(3). 


Radial  Distributions.  The  predicted  radial  pro¬ 
files  at  four  axial  locations  in  Figures  5  and  6  include 
both  the  Cy  and  e  modifications.  Good  agreement  is  seen 
and  the  comparison  is  particularly  striking  at  the  axial 


Figure  4.  Measured  (Brum  et  al.  198  2)  and  predicted 
centerline  ms  axial  velocity  for  PCI  CBCC. 
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Figures  3  and  4.  A  parametric  dependence  emerging  from 
these  observations  appears  to  emphasize  the  a-’  hoc 
nature  of  the  modifications  examined. 


Figure  5.  Mean  velocity  radial  profiles  for  UCX  CBCC. 
Measurement  <Brum  et  al.  198  2). 
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Figure  6.  Measured  (Brum  at  al.  1982)  and  predicted 
ras  velocity  radial  profiles  for  UCI  CBCC. 

location  well  within  the  recirculation  region 

(s/D  ~  0.17)  and  at  the  one  near  the  BSP  (z/D  ~  1.31). 

Flowfleld  Without  the  Central  Jet.  There  is  a 
marked  difference  in  Figure  7  where  the  central  jet  is 
absent.  The  BSP  is  underpredicted  by  about  10J  but  the 
predicted  magnitude  and  the  axial  location  of  WB  differ 
by  a  factor  of  2  from  the  measured  values.  The  ras  com¬ 
ponent,  however,  shows  better  agreement  between  the  pre¬ 
diction  and  the  measurement.  This  behavior  is  clearly 
different  from  that  of  the  nonzero  central  jet  seen  in 


Figure  7.  Measured  (Brum  et  al.  198  2)  and  predicted 
centerline  velocity  profiles  for  OCX  CBCC. 

APL  Configuration 

The  centerline  profiles  of  w  and  w  for  the  large- 
scale  CBCC  are  seen_in  Figures  8  through  10  for  three 
diffrent  values  of  Dp.  The  predictions  of  the  standard 
k-e  model  and  thosa  with  the  correction  for  curvature 
(with  and  without  the  e  modification)  are  compared  with 
the  LDA  data  of  Lightman  et  al.  (1983). 

Measurements .  The  experimental  data  for  the  mean 
velocity  differ  from  the  earlier  results  (Lightman  et 
al.  1980).  The  locations  of  the  RSP  are  at  a  z/D  of  1 
instead  of  0.9  (see  Figure  2).  Figure  10  indicates  a 
small  region  of  centerline-flow  reversal 
(0.75  <  z/D  «  0.975).  The  newer  data  thus  show  better 
agreement  with  the  predictions  in  SS  and  XP.  Indeed, 
for  the  case  of  zero  COj  flow,  the  RSP  result  of  SS  rven 
Shows  a  small  underprediction. 

Figure  9  shows  the  FSP  to  occur  at  z/D  “  0.28  which 
more  closely  agrees  with  SS  and  KP  in  Figure  2  than  the 
earlier  experimental  data,  ft  crucial  difference  in  the 
two  measurements  which  contributes  to  the  appreciable 
difference  in  the  observed  FSP  location  is  the  central- 
jet  exit  configuration.  Recent  experiments  employed  a 
well-designed  nozzle,  thereby  ensuring  a- uniform  Wp. 
Earlier  experiments  involved  a  straight  tube  15  diame¬ 
ters  in  length  upstream  of  the  exit  plane,  resulting  in 
a  nonuniform  Wy.  While  this  difference  accounts  for  the 
decrease  in  the  FSP  location,  the  reason  for  the 
increase  in  the  RSP  location  is  not  clear. 

Predictions.  In  terms  of  the  present  predictions, 
a  number  of  observations  can  be  made.  Calculations 
with  Cj,  and  c  modifications  are  clearly  inferior  for  all 
three  COj  flows  in  all  respects.  The  fact  that  the 
three  predictions  do  not  differ  significantly  for 
16  kg/hr  reflects  that  the  central  jet  essentially 
breaks  through  the  recirculation  region  and  does  not 
suffer  the  large  streamline  curvature  effects  associated 
with  the  recirculating  flow,  At  the  lower  COj  flows, 
the  dissipation  modification  significantly  decreases  the 
rms  velocity.  For  the  mean  velocity,  the  zero  CO 2  case 
shows  good  agreement  for  the  RSP  and  very  poor  agreement 
for  the  velocity  profile  in  the  reverse-flow  region. 

For  the  6  kg/hr  CO2  case,  while  the  magnitude  of  w,, 
agrees  reasonably  well  with  the  measured  value,  its 
location,  as  well  as  the  locations  of  FSP  and  RSP,  are 
all  considerably  overpredicted. 

The  differences  in  the  predictions  based  upon 
standard  c^  and  curvature-corrected  c^,  are  not  clear 
cut.  At  16  kg/hr,  the  uncorrected  prediction  for  W  is 
superior,  while  the  correction  yields  better  w  predic¬ 
tion,  especially  near  the  RSP  (as  may  be  anticipated). 

At  6  kg/hr,  the  correction  again  predicts  w  better  near 
the  BSP.  For  W,  except  for  the  location  of  the  RSP,  the 
curvature  correction  appears  to  show  better  agreement 
with  the  measurement  than  the  standard  model.  Both 
calculations  underpredict  the  location  of  Wm>  the  mag¬ 
nitude  is  underpredicted  by  the  standard  model  and 
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Figure  8.  Centerline  velocity  profiles  for  APL  CBCC. 
Air  Flow  2  kg/s  and  zero  OOj  flow. 

+  ,  o:  Lightman  et  al.  (1983). 

overpredicted  by  the  curvature  correction.  For  the 
zero  CO 2  flow  case,  the  uncorrected  prediction  appears 
to  be  better  overall. 

CO i  Concentrations.  Comparison  of  the  predictions 
with  the  measurements  (Bradley  et  al.  1982)  of  CO 2  mole 
fractions  seen  in  Figures  11  and  12  leads  to  similar 
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Figure  10.  Centerline  velocity  profiles  for  APL  CBCC. 

Air  flow  2  kg/s  and  C02  flow  16  kg/hr. 
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Figure  9.  Centerline  velocity  profiles  for  APL  CBCC. 
Air  flow  2  kg/s  and  C02  flow  6  kg/hr. 
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11.  Centerline  COj  mole  fraction  for  APL  CBCC. 
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conclusions  regarding  the  calculations.  The  prediction 
of  the  standard  model  is  clearly  superior  at  the  higher 
CO 2  flow  rate.  At  6  kg/hr,  the  standard  model  and  the 
curvature  correction  do  not  «pp«*r  to  differ  appreciably 
from  each  other.  The  predictions  with  the  modifications 
of  Cj,  and  c  show  much  slower  decay  of  CO 2  centerline 
concentration  than  do  the  measurements  and  other  predic¬ 
tions.  This  behavior  is  consistent  with  the  significant 
underprediction  of  w  and  the  slower  decay  of  W  (noted 
especially  for  6  kg/hr  in  Figure  9) . 

CONCLUSIONS 

The  numerical  computations  based  upon  the  Reynolds- 
averaged  equations  and  k-c  turbulence  model  have 
demonstrated  that  the  CBCC  represents  a  highly  complex 
turbulent  flow.  The  predictions  with  the  standard  k-c 
model ,  as  well  as  ad  hoc  modifications  to  account  for 
the  streamline  curvature  and  the  preferential  influence 
of  normal  stresses  on  dissipation  are  compared  with  the 
measurements  in  a  large-scale  and  a  small-scale  CBCC. 
Significant  differences  between  the  predictions  are 
noted,  especially  for  the  dissipation-equation  modifica¬ 
tion  which  results  in  much  greater  dissipation  in  the 
large-scale  CBCC.  The  introduction  of  the  curvature- 
corrected  c,,  results  in  better  predictions  for  certain 
flowfield  regions  but  exhibits  a  dependence  on  the  annu¬ 
lar  and  central  flow  rates. 
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ABSTRACT 

Flow  visualization  studies  and  measurements  by  means 
of  pulsed-wire  and  hot-wire  techniques  lead  to  a  better 
understanding  of  the  complex  turbulent  flow  downstream  of 
a  normal  plate  with  a  long  splitter  plate  in  its  plane  of 
symmetry. 

INTRODUCTION 

The  flow  downstream  of  a  normal  flat  plate  with  a 
sharp  beveled  edge  and  a  long  splitter  plate  in  its  plane 
of  symmetry  has  been  investigated.  The  simple  flow  model 
which  is  generally  accepted  to  describe  this  nominally 
two-dimensional  flow  consists  of  a  separated  free  shear 
layer,  a  recirculation  region  adjacent  to  the  normal 
plate,  followed  by  a  reattachment  region  downstream  of 
which  the  attached  shear  layer  develops  into  a  turbulent 
wall  boundary  layer.  Despite  the  importance  of  this  flow 
configuration  for  the  investigation  of  relatively  steady 
and  defined  recirculation  regions  with  reattachment  of 
the  flow,  it  has  received  relatively  little  attention 
compared  with  the  flow  downstream  of  a  step  (e.g.  Baton 
a  Johnston  I960),  that  over  a  fence  perpendicular  to  a 
wall  (e.g.  Range  Raju  at  al.  1976)  or  finally  with  the 
important  problem  of  the  effects  of  wake  splitter  plates 
on  bluff-body  flow  (e.g.  Ape It  «  West  197S). 

The  flow  configuration  consisting  of  a  normal  plate 
and  a  'long*  splitter  plate  avoids  upstream  effects  of 
the  free  wake  behind  short  splitter  plates  and  is  not 
influenced  by  the  state  and  thickness  of  an  approaching 
boundary  layer.  In  the  limit  of  decreasing  fence  height 
one  obtains  a  blunt  plate  where  a  separation  bubble  may 
form  at  the  leading  edge  with  reattachment  of  the  flow 
downstream* .  Separation  of  the  free  shear  layer  is  fixed. 

All  experimental  investigations  mentioned  above,  run 
into  considerable  difficulties  when  profiles  of  mean 
velocity  and  turbulence  quantities  in  the  recirculation 
and  reattachswnt  region  have  to  be  measured.  This  is 
due  to  a  high  level  of  turbulence  and  to  mean  and  in¬ 
stantaneous  reverse  flow.  So  we  have  supplemented  hot¬ 
wire  with  pulsed-wire  measurements  both  in  the  flow  and 
at  the  wall,  the  latter  to  check  surface- fence  measure¬ 
ments  and  to  obtain  both  mean  and  fluctuating  values  of 
skin  friction. 

The  present  investigation  has  throe  principle  aims: 
to  improve  our  understanding  of  the  rather  complex  flow 
downstream  of  a  normal  plats  with  a  long  splitter  plate, 
to  investigate  the  importance  of  three-dimensional 
effects  in  a  ncsUnally  two-dimensional  flow,  and  to 
gather  more  reliable  measurements  (Chandrsuda  a  Bradshaw 
19S1)  of  mean  velocity,  turbulent  Intensities  and  skin 
friction  in  the  recirculation  region. 


*  Earlier  experiments  of  these  latter  flow  configurations 
were  performed,  for  example  by  Aria  a  Rouse  (1956), 
Bangs  Raju  a  Garde  (1970),  Smita  (1982),  and  by  Billier 
a  Cherry  (1981)  and  Xiya  at  al.  (1982). 


Since  turbulent  intensities  often  reach  very  high 
levels  it  was  interesting  to  compare  profile  data  with 
the  two  techniques.  In  flow  regions  with  high  levels  of 
turbulence  and  little  or  no  reverse  flow  hot-wire  data, 
which  were  corrected  according  to  Tutu  a  Chevray  (1975) 
or  Vagt  (1979),  agreed  very  well  with  pulsed-wire  measure 
ments. 

More  emphasis  will  be  laid  on  a  description  of  the 
separated  shear  layer  and  on  the  flow  downstream  of  re¬ 
attachment  in  a  further  paper. 

EXPERIMENT 

The  experiments  were  carried  out  in  an  open-return 
suction  tunnel  described  by  Fernhoiz  et  al.  (1982)  with 
a  working  section  measuring  0,49  m  x  0,50  m  and  a  length 
of  about  6  m.  The  normal  plate  (fence)  was  steel  with  a 
smoothly  polished  surface  having  a  thickness  of  6  ms  with 
the  edges  machined  to  a  sharp  30°  bevel.  The  fence  height 
hp  above  the  splitter  plate  (6  mm  thick  and  1.50  m  long) 
was  22  ms,  providing  an  aspect  ratio  of  about  22.  The 
total  height  h  of  the  fence  was  50  mm  which  gives  a 
blockage  ratio  h/H  of  0.10.  The  base  pressure  coefficient 
Cpb  ■  (Pb  -  Pa,)/ (0. 5  P„u^)  for  this  flow  configuration 
is  -  1.044  and  agrees  very  well  with  data  reported  by 
Smits  (1980).  No  end  plates  were  used  in  this  experiment, 
since  both  plates  span  the  tunnel  width. 

The  undisturbed  upstream  velocity  distribution  was 
uniform  with  a  maximum  deviation  of  +  1  %  from  the  mean 
velocity  on  the  tunnel  centerline.  The  turbulence  level 
across  the  tunnel  is  approximately  constant  with 
Tu  -  0.6  %.  Symoetry  of  the  flow  on  both  sides  of  the 
splitter  plate  which  was  located  on  the  centerline  of  the 
working  section  was  confirmed  by  pressure  measurements  in 
front  of  the  normal  plate  at  different  vertical  and  span- 
wise  positions. 

DISCUSSION  OF  THE  FLOW  PATTERN 

Flow  visualization  studies  were  performed  using 
kerosene  smoke  illuminated  by  a  rotating  3  watt  laser 
beam  (Mending  A  Fiedler  1980)  in  different  planes  of  the 
flow  field  and  by  using  a  suspension  of  lampblack  in  pa¬ 
raffin  on  the  splitter  plate  and  on  the  tunnel  side  walls 
The  separation  of  the  flow  at  the  sharp  edge  of  the 
fence  leads  to  the  development  of  a  free  shear  layer,  the 
flow  structure  of  which  becomes  finer  with  increasing 
Reynolds  number  as  is  shown  in  figures  1  a 
(Reu  -  1.5  *  10* )  and  1  b  (Rehp.  ■  1.4  »  10*).  The 
flow  direction  is  from  left  to  right,  and  the  photograph 
was  taken  in  the  center  xy-plane.  The  scale  in  flow 
direction  is  about  14  fence  heights.  The  subsequent  dis¬ 
cussion  refers  only  to  flow  conditions  at  the  higher  of 
the  two  Reynolds  numbers  where  the  flow  structure  shows 
no  apparent  further  changes  with  Reynolds  msnber.  Details 
of  the  flow  structure  as  we  have  seen  it  at  different 
times  and  Reynolds  numbers  are  collected  in  a  schematic 
picture  of  instantaneous  streamlines  by  Smits  (1980). 
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Figure  2  shows  the  oil-flow  picture  on  the  splitter 
plate  revealing  a  spanwise  almost  straight  limiting 
streamline  on  the  wall  (cf.  the  skin  friction  distribu¬ 
tion  in  figure  5),  a  recirculation  region,  a  reattachment 
region  and,  furthest  downstream,  the  upstream  region  of 
the  developing  wall  boundary  layer.  Reattachment  occurs 
within  a  range  x/hp  *  17.2  +  0.5  (x/h  •  7.6)  on  the 
centerline  of  the  splitter  plate,  curving  upstream  to¬ 
wards  the  side  walls.  This  is  in  excellent  agreement  with 
Smits  (1382).  The  reattachment  process  appears  to  be  un¬ 
steady,  having  a  low  frequency,  however.  Hall  streamlines 
converge  slightly  towards  the  centerline  in  the  recircu¬ 
lation  region  (seen  from  downstream)  and  are  fairly  pa¬ 
rallel  downstream  of  reattachment. 

The  description  of  the  flow  pattern  deals  first  with 
the  center  region,  covering  approximately  40  %  of  the 
span,  and  then  with  the  corner  regions  adjacent  to  the 
tunnel  side  walls  (schematic  flow  picture  figure  3) . 
Immediately  downstream  of  the  fence  and  next  to  the  sur¬ 
face  of  the  splitter  plate  the  flow  is  in  downstream 
direction,  forming  a  vortex  with  "triangular"  shape  and 
the  axis  in  spanwise  direction.  It  extends  from  the 
normal  plate  down  to  a  limiting  wall  streamline  -  some¬ 
times  called  reseparation  -  on  the  splitter  plate.  This 
vortex  was  visualized  at  lower  Reynolds  numbers  (not 
shown  here) . 

The  limiting  streamline  separates  the  fluid  from 
upstream  and  from  downstream  and  connects  an  attachment 
(saddle)  point  (Bunt  et  al.  1978)  at  x/hp  •  3.2  on  the 
centerline  of  the  splitter  plate  with  two  "standing" 
vortices  located  at  x/hp  ■  3.2  and  z  »  +  9.10  ■  hp, 
respectively.  According  to  de  Brederode  a  Bradshaw  (1972) 
who  observed  such  vortices  downstream  of  a  step  they  are 
nodal  points  of  separation  and  finite  circulation.  Each 
vortex  has  its  axis  normal  to  the  splitter  plate  close  to 
the  surface  and  it  is  curved  in  downstream  direction  as 
one  moves  away  from  the  wall.  The  sense  of  rotation  is 
such  that  the  flow  is  in  downstream  direction  on  the  side 
of  the  vortex  where  it  faces  the  tunnel  side  wall.  Down¬ 
stream  of  the  limiting  streamline  there  is  a  large  re¬ 
circulation  region  with  a  length  L  of  approximately  14 
fence  heights.  At  the  junction  of  the  normal  plate  with 
the  boundary  layar  of  the  tunnel  side  wall  a  rather 
"flat"  horseshoe  vortex  is  formed  (see  oil  flow  pattern 
in  figure  4  and  a  very  similar  streamline  picture  in 
front  of  a  circular  cylinder  shown  by  Baker  1980)  with 
its  legs  on  the  upper  and  lower  side  of  the  splitter 
plate,  respectively.  Insediately  downstream  of  the  normal 
plate  the  flow  on  "he  side  wall  is  in  downstream  direc¬ 
tion  over  the  full  height  of  the  normal  plate  until  it 
meets  with  a  separation  point  in  the  corner  of  the  side 
wall  and  the  splitter  plate.  Downstream  of  this  separa¬ 
tion  point  we  observe  the  elliptical  footprint  of  a 
vortex  with  its  axis  normal  to  the  side  wall  which  trans¬ 
ports  fluid  from  downstream  along  the  corner  and  again 
in  downstream  direction  along  a  line  inclined  at  about 
10*  against  the  xz- plane.  Side-wall  vortex  and  corner 
vortex  merge  with  the  horseshoe  vortex  and  interact  with 
the  separated  shear  layer  thus  causing  a  complex  three- 
dimensional  flow  field  in  the  corner  region,  which  makes 
the  reattachment  region  on  the  splitter  plate  curve  in 
upstream  direction. 

We  were  surprised  to  notice  that  the  influence  of 
the  corner  vortex  on  the  three-dimensional  behaviour  of 
the  flow  in  the  recirculation  region  became  even  greater 
when  the  height  of  the  fence  was  reduced  to  half  its 
original  height  (hp  *  1 1  on) .  The  corner  vortex  disappea¬ 
red  completely,  however,  when  the  normal  plate  was  re¬ 
moved  and  only  the  splitter  plate  with  a  blunt  edge 
(6  a  thick)  remained.  In  this  latter  case  the  wall 
streamlines  were  parallel  and  the  flow  nominally  two- 
dimensional  over  80  %  of  the  span  (the  oil-flow  photo¬ 
graph  is  not  shown  here) . 

MEASUREMENTS  ON  THE  SPLITTER  PLATE 

Before  we  discuss  the  spanwise  behaviour  of  the 
flow  further,  measurements  of  static  pressure,  mean  and 
fluctuating  skin  friction  along  the  centerline  are  pre¬ 
sented  in  figure  5.  Static  pressure  was  measured  by  means 
of  pressure  tappings  in  the  wall  (0.60  mm  diameter)  and 
a  Statham  pressure  transducer.  It  is  plotted  in  the  form 
of  a  pressure  coefficient  cp  •  (p#t  -  Prtf> /0.5 0 u£ 


where  is  the  velocity  in  the  undisturbed  flow  and  pref 
approximately  po>- 

As  may  be  seen  from  figure  5  separation  occurs  up¬ 
stream  of  the  pressure  minimum  and  reattachment  just  be¬ 
fore  the  pressure  reaches  a  plateau  with  a  slight  negative 
gradient  further  downstream  (cf.  Smits  1982).  It  is  in¬ 
teresting  to  note  that  we  find  the  same  trend  as  Smits 
(1980)  in  that  the  distance  along  the  splitter  plate  to 
the  point  of  maximum  pressure  made  dimensionless  by  the 
bubble  length  increases  versus  blockage  ratio. 

Skin  friction  was  measured  by  means  of  a  pulsed-wire 
wall  probe  (Ginder  &  Bradbury  1973)  which  was  calibrated 
against  a  Preston  tube  in  a  ZPG  turbulent  boundary  layer. 
The  skin-friction  distribution,  plotted  as  Cf  •  2tw/pu*. 
shows  a  change  from  positive  to  negative  at  x/hp  *3.2, 
a  minimum  of  -  3'10~'  in  the  range  10  £  x/hp  £  12  and 
reattachment  at  about  x/hp  «  17.  Downstream  of  re¬ 
attachment  there  is  a  sharp  increase  of  cF  reaching  a 
plateau  with  a  value  Cf  »  3.8*10"5  at  about  x/hp«36 
which  is  only  30  %  higher  than  the  value  in  the  recircu¬ 
lation  region.  Probability  density  distributions  of  cp 
show  a  high  narrow  Gaussian  distribution  at  separation 
and  a  wider  (double  that  width)  distribution  at  reattach¬ 
ment. 

The  distribution  of  the  r.m.s.  value  of  the  fluctuat¬ 
ing  skin  friction  coefficient  shows  a  flat  peak  in  the 
region  of  minimum  mean  skin  friction  and  then  falls  to  a 
roughly  constant  value. 

Although  we  have  seen  that  there  must  be  strong 
three-dimensional  effects  in  the  junction  of  the  splitter 
plate  with  the  side  wall,  the  flow  in  the  center  regio: 
of  the  splitter  plate  should  be  approximately  two-dimen¬ 
sional  according  to  de  Brederode  (1975)  if  the  aspect 
ratio  is  larger  them  ten.  A  check  of  this  statement 
appeared  to  be  necessary  and  may  be  carried  out  best  by 
measurements  of  flow  quantities  in  spanwise  direction, 
such  as  skin  friction,  mean  and  fluctuating  velocities. 
Figure  6  shows  the  spanwise  skin-friction  distribution  in 
the  recirculation  region  (x/hp  *  9) ,  just  downstream  of 
reattachment  (x/hF  «  24)  and  in  the  developing  boundary 
layer  (x/hp  ~  46) .  As  may  be  expected  from  the  oil-flow 
pattern  there  is  hardly  any  variation  over  +  20  »  of  the 
span  on  both  sides  of  the  centerline  in  the  middle  of  the 
recirculation  region.  This  is  due  to  the  fairly  straight 
separation  and  reattachment  lines  in  this  region  which 
assure  uniform  starting  conditions  for  the  upstream  near¬ 
wall  flow  in  the  separation  bubble.  Since  the  reattach¬ 
ment  line  is  further  upstream  towards  the  tunnel  side 
wall,  the  reverse-flow  region  is  shorter  and  skin  fric¬ 
tion  downstream  correspondingly  higher,  increasing  to  a 
value  30  %  higher  than  on  the  centerline.  This  considera¬ 
ble  increase  towards  the  side  wall  is  reduced  to  about 
14  %  twenty-two  fence  heights  further  downstream  showing 
an  almost  uniform  spanwise  distribution.  In  all  three 
cases  the  symmetry  of  the  skin-friction  distribution  is 
remarkable . 

In  spanwise  direction  we  have  also  measured  the  dis¬ 
tribution  of  the  mean  velocity  u  and  the  Reynolds  normal 
stress  u'1  in  the  recirculation  region  (x/hp  *  9)  at  two 
positions  obove  the  splitter  plate  (figure  7).  The  mean 
velocity  values  are  constant  within  +  5  %  over  the  width 
of  the  Cf-plateau,  falling  to  60  %  of  the  centerline 
value  at  the  y/hp  •  0.66  position  and  increasing  to 
160  %  at  v/hr  *2.2  towards  the  side  walls.  Reynolds 
normal  stress  u1*  was  within  +  5  %  of  the  centerline 
value  over  most  of  the  span,  decreasing  only  in  the  outer 
flow  by  30  %  towards  the  side  walls.  Again  the  distribu¬ 
tions  are  almost  syametrical  but  they  confirm  strong 
three-dimensional  effects  off  the  centerline. 

These  measuresients  were  supplemented  by  distribu¬ 
tions  of  the  reverse-flow  factor  x  («.g.  Simpson  1976) 
defined  as  the  ratio  of  the  mmber  of  samples  of  the  in¬ 
stantaneous  velocity  u  smaller  than  zero  and  the  total 
nmber  of  samples  in  percent,  measured  here  by  a  pulsed 
wire.  Figure  8  shows  that  x  I*  approximately  92  %  in  the 
center  part  of  the  flow  close  to  the  splitter  plate  with 
a  sharp  decrease  to  78  %  near  the  side  walls.  This  in¬ 
dicates  that  about  20  %  of  the  samples  outside  the  center 
region  represent  flow  in  downstream  direction. 
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PROFILE  MEASUREMENTS 

Velocity  measurements  were  performed  using  the  pul- 
sad-wire  technique  (Bradbury  a  Castro  1971)  with  a  probe 
designed  by  Dengel  a  Vagt  (1982)  talcing  5000  to  10  000 
samples  per  data  point,  and  conventional  hot-wire  anemo- 
metry  (Prosser)  with  single  normal  and  X-wire  probes-  The 
integration  time  was  about  50  seconds.  Figure  9  shows 
measurements  of  mean  and  fluctuating  velocities  by  means 
of  both  techniques  and  the  respective  X-distribution  ob¬ 
tained  by  the  pulsed  wire  plotted  against  y/hp.  These 
profiles  are  characteristic  of  the  flow  in  the  recircu¬ 
lation  region. 

In  figure  10  the  same  data  are  plotted  against  y  in 
a  semi- logarithmic  scale  in  order  to  enlarge  the  near¬ 
wall  region.  Mean  velocity  measurements  (single  normal 
wire)  are  presented  in  raw  and  corrected  form  (open  and 
full  circles)  in  the  outer  region  and  in  corrected  form 
in  the  recirculation  region  where  the  flow  was  uni¬ 
directional,  indicated  by  values  for  X  of  approximately 
10  or  100  %.  Corrections  for  the  high  turbulence  level, 
carried  out  according  to  Vagt  (1979),  were  at  most  11  % . 
The  correction  procedure  was  slightly  modified,  however, 
in  that  w‘J  was  substituted  by  u'1  .  In  the  flow  region 
where  x  was  between  0  and  100  %  differences  between  hot¬ 
wire  and  pulsed-wire  measurements  (open  triangles)  were 
large,  with  hot-wire  data  too  high  due  to  rectification 
effects  and  the  large  transverse  fluctuations.  The  cross¬ 
over  point  where  the  mean  velocity  component  u  changes 
sign  is  located  at  y/hp  *  1.50. 

The  importance  of  the  reverse  flow  factor  lies  in 
the  fact  that  it  determines  the  range  within  which  hot¬ 
wire  measurements,  both  for  u  and  u'1 ,  are  erraneous, 
i.e.  where  hot-wire  anemometry  measures  systematically 
wrong.  Hot-wire  r.m. s.  values  (full  squares)  were  correc¬ 
ted  according  to  Tutu  a  Chevray  (1975)  -  although  this 
is  correct  only  under  very  specific  conditions  -  and 
showed  very  good  agreement  with  pulsed-wire  data  (full 
triangles)  up  to  turbulence  laves  of  42  ».  As  for  the 
velocity  level  in  the  recirculation  region,  the  mean 
velocity  reaches  30  »  of  the  maximum  velocity  in  the 
shear  layer  and  the  r.m.s.  value  is  about  SO  %  of  the 
maximum  and  almost  constant  over  y. 

Figure  11  shows  the  dimensionless  distance  above  the 
splitter  plate  to  the  point  of  zero  velocity  which  could 
be  easily  determined  from  the  pulsed-wire  measurements . 
The  maximum  value  is  (y/hp)“Jg  ■  1.7  at  x/hF  w  <4-.  .  * 

Salts  (1982)  suggested  this  to  be  a  length  characteristic 
of  the  height  of  the  recirculation  region.  It  is  slightly 
dependent  on  blockage  ratio. 

Furthermore  we  have  plotted  naxlmxm  values  of  the 
two  Reynolds  normal  stresses  u'1  and  V 1  and  of  tbs 
Reynolds  shear  stress  u'v'  as  a  function  of  x/hp  along 
the  centerline.  The  distributions  u'v'  ux  and  (v^lmax 
are  furthest  away  from  the  wall  at  x/hp  ~  9  which  is 
roughly  in  the  middle  of  the  recirculation  region  where¬ 
as  the  maximum  location  of  (u‘*  )■»„  is  just  downstream 
of  separation.  The  minimum  locations  of  (u'1  )m  and 
(V1  )max  are  close  to  the  reattachment  region.  The  dis¬ 
tribution  of  (-  u'v'/ii1  ),f«.  is  comparable  with  data  in 
similar  flows  provided  by  Chandrsuda  a  Bradshaw  (1981). 

Me  have  chosen  uux  as  the  normalization  velocity  which 
reaches  its  maximum  Velocity  difference  Au  •  Um  -  »%!„, 
the  ratio  of  (-  u‘v'/(Au)*  would  have  been  nailer 
-  0.012  -  and  even  closer  to  0.01  found  for  the  curved 
mixing  layer. 

Figure  12  shows  mean  velocity  measurements  through 
the  recirculation  and  reattachment  regions  into  the  re¬ 
development  region.  Full  circles  indicate  pulsed-wire 
data  and  open  circles  hot-wire  data,  the  latter  being 
corrected  for  high  turbulence  effects  according  to  Vagt 
(1979) ,  with  w'1  again  being  substituted  by  u'  . 

The  uncertainty  range  of  these  measurements  varies 
according  to  the  flow  region  but  it  is  estimated  to  be 
S  *  in  the  recirculation  region  and  2  t  outside  of  it. 
Keen  velocity  measurements  were  also  plotted  in  inner 
layer  coordinates  u+  against  y*  (figure  13)  and  indicate 
the  dip  below  the  standard  logarithmic  law  which  Brad¬ 
shaw  •  Wong  (1972)  showed  to  persist  to  a  downstream 
distance  of  about  fifty  step  heights  and  which  is  ex¬ 
plained  by  the  "constant*  length  scale  of  the  free  mixing 
layer  which  has  not  adjusted  to  the  length  scale  of  the 
wall  bounded  flow  (Chandrsuda  4  Bradshaw  1981).  Skin 
friction  was  measured  by  a  pulsed-wire  wall  probe  which 


is  independent  of  the  logarithmic  law.  There  is  a  clear 
development  towards  a  logarithmic  law  of  the  wall  in 
downstream  direction  but  there  is  no  agreement  yet  30 
step  heights  downstream  of  reattachment.  Measurements 
agree,  however,  with  the  linear  law  in  the  viscous  sub¬ 
layer,  even  relatively  close  to  reattachment.  From  24 
step  heights  downstream  of  reattachment  measurements  of 
skin  friction  performed  by  means  of  a  Preston  tube,  a 
surface  fence  and  a  pulsed-wire  wall  probe  are  within 
10  %  of  each  other.  The  constants  used  for  the  logarith¬ 
mic  law  were  <  ■  0.40  and  B  •  5.10  (Coles  1956). 

CONCLUSIONS 

The  flow  downstream  of  a  normal  plate  with  a  long 
splitter  plate  shows  highly  three-dimensional  features  in 
the  vicinity  of  the  tunnel  side  walls  despite  an  aspect 
ratio  of  twenty-two.  Between  the  normal  plate  and  re¬ 
attachment  the  flow  is  rather  complex  due  to  relatively 
large ,  though  weak  vortices  and  due  to  a  large  recircula¬ 
tion  region.  Although  time-averaged  measurements  and  wall- 
flow  visualization  provide  a  plausible  insight  into  the 
flow,  it  is  arguable  how  well  this  agrees  with  the  time 
flow  picture  which  one  observes  when  looking  at  the  flow 
by  means  of  instantaneous  flow  visualization.  For  future 
work  two  problems  are  of  special  interest:  (a)  What  is 
the  apanwise  extend  and  influence  of  the  vortices  one  ob¬ 
serves  in  the  shear  layer  downstream  of  the  sharp  edge  of 
the  normal  plate  and  (b)  what  is  the  influence  of  a 
periodically  forming,  large  turbulence  pattern  (vortex?) 
on  the  movement  of  the  reattachment  line. 
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Fig.  la  Flow  in  the  centerline  xy -plane 
(Reht.  -  1.5  x  103) 


Fig.  Id  Flow  in  the  centerline  xy-plane 
(Reap  s  1,4  i  104) 


Flf .  2  Oil  flow  on  the  splitter  plate 
(Rebp  ■  1 .4  x  104) 
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Fig.  3  Schematic  diagrams)  of  the  mean  flow 
downstream  of  a  normal  plate  with  a 
long  splitter  plate. 

(Rehp  -  1.4  x  104) 


Fig.  4  Oil  flow  on  the  tunnel  side  wall 
(Rehp  m  1.4  x  104) 
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Fig.  10  Distribution  of  mean  velocity  u, 

fluctuating  velocity  (u'2)1/2,  and 
reverse  flow  factor  X  in  the  recir 
eulation  region  (centerline, 

R*hf  *  1.4  x  104,  x/hF  m  8.95) 


Fig.  11  Location  of  maximum  values  of  Rey¬ 
nolds  shear  and  normal  stresses 
downstream  of  a  normal  plate  along 
the  centerline  of  a  splitter  plate 
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Fig.  13  Comparison  of  the  law  of  the  wall 
with  velocity  profiles  in  a  wall- 
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ABSTRACT 

This  paper  presents  preliminary  details  of  an 
experimental  study  of  a  series  of  two-dimensional 
separated  and  reattaching  flows,  vhere  separation  is 
forced  to  occur  at  a  sharp  edge  in  each  case.  Data  are 
confined  to  cases  with  a  non-turbulent  approach  stream. 
Measurements  include  spectral  data  for  streamwise 
velocity  fluctuations  in  the  irrotational  region  at  the 
shear  layer  edge,  which  provide  a  convenient  measure 
of  the  large  scale  shear  layer  structure,  and  also 
smoke  flow  visualisations  which  illustrate  the  various 
phases  in  the  irregular  shedding  of  vorticity  from  the 
bubble. 


NOMENCLATURE 


c  ,  C  ,  C  _ 
p  ps  pH 


D 

s 


Us 

X 


Pressure  coefficient;  values  at 
separation  and  reattachment  respectively. 

Reduced  pressure  coefficient 

1-Cps 

maximum  me  el  thickness 

time  mean  reattachment  length  determined 

from  surface  oil  flows .___ 

Separation  velocity  *  A-C  U„. 

ps 

Streamwise  distance  measured  from 
separation. 


INTRODUCTION 


Despite  the  large  number  of  experiments  which  have 
been  conducted  in  aeperated-and-reattaching  flows  there 
is  still  relatively  little  known  about  the  unsteady 
flow  structure  for  even  the  simplest  of  tvo-dimensional 
geometries.  This  largely  results  from  difficulties 
with  instruswntation,  since  conventional  hot-wire 
anemometry  is  not  possisble  in  a  large  part  of  the  flow 
field.  Measurements  using  pulsed  vire  (e.g.  Moss  and 
Baker,  I960)  or  laser  anemometry  (Etheridge  and  Kemp, 
1978)  or  surface  probes  for  instantaneous  surface  skin 
friction  or  flow  direction  (Westphal,  Eaton  and 
Johnston,  1981;  Castro  and  Dianat,  1982)  are  still 
scarce  and  often  may  be  prone  to  their  own  particular 
difficulties  of  operation  or  interpretation.  A  know¬ 
ledge  of  the  unsteady  processes  is  essential,  however, 
both  to  improve  the  physical  understanding  of  the  flow 
phenomena  and  alao  to  provide  comparative  data  against 
which  can  he  tested  calculation  methods.  As  part  of 
the  current  programme  of  work  it  is  intended  eventually 
to  apply  the  discrete  vortex  method  to  the  various 
configurations  studied  here,  since  this  has  already 
had  some  success  (e.g.  As hurst ,  1979;  Kija  st  al,  1982) 
in  calculating  reattaching  flows. 


The  purpose  of  the  present  study  was  to  investigate 
the  various  configurations  shown  in  Figure  1  where  t*-e 


angle  of  the  separating  shear  layer  is  varied.  In 
earlier  papers  Roshko  and  Lau  (1965),  amongst  others, 
demonstrated  a  good  collapse  of  mean  pressure  data  (in 
appropriate  reduced  co-ordinates )  between  a  variety  of 
tvo-dimensional  configurations,  and  Mabey  (1971) 
suggested  that  the  dominant  frequencies  for  the 
irregular  shedding  of  vorticity  from  the  reattachment 
zone  correlate  well  when  normalised  by  the  time  averaged 
reattachment  length.  The  intention  here  was  to  explore 
further  the  similarities  in  flovfield  between  the 
various  configurations. 

Some  data  for  these  geometries  have  already  been 
presented  and  will  be  reviewed  only  briefly.  For 
geometry  A,  the  rectangular  separation  body,  Hillier  and 
Cherry  (1981)  observed  a  significant  low  frequency 
motion  best  revealed  as  a  flapping  of  the  shear  layer 
near  separation  and  a  modulation  of  shedding 
characteristics  at  reattachment;  a  broad  band  shedding 
from  reattachment  of  -vortical  structures  with  an 
average  spacing  of  about  65SC  of  the  mean  reattachment 
length;  and  fairly  low  spanvise  correlations  for 
pressure  fluctuations.  Preliminary  measurements  on 
models  B  and  E,  reported  by  Cherry,  Hillier  and  Latour 
(1982)  shoved  that  the  low  frequency  fluctuations 
persist  for  these  configurations  as  well,  with  a 
characteristic  time  scale  in  which  shear  layer 
disturbances  could  convect  several  bubble  lengths. 

Other  workers  have  also  reported  them,  notably  Eaton 
and  Johnson  (1981)  for  the  rearward  facing  step  and  also 
McGuinness  (1978)  for  an  internal  flow  and  Kija,  Sasaki 
and  Arie  (1982)  for  essentially  the  same  configuration 
as  the  present  model  A,  so  that  a  lov  frequency  motion 
appears  to  be  an  integral  part  of  cavity  flows. 

EXPERIMENTAL  EQUIPMENT  AND  PROCEDURE 
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Figure  1.  THE  TEST  GEOMETRIES 


*  Present  address :  Central  Electricity  Research  ),at>o:  acories . 


The  models  investigated  here  axe  the  sequence  shovn 
in  Figure  1,  with  shear  layer  separation  occurring  at  a 
sharp  two-dimensional  edge  in  each  case.  These  models 
comprise  the  rectangular  forebody  of  geometry  A  and 
several  forebody /splitter-plate  combinations  which  are 
designed  to  vary  the  initial  separation  angle  of  the 
shear  layer  from  90°  (normal  flat  plate  B),  through  60° 
and  30°  (C  and  IT),  to  a  zero  separation  angle  rearward 
step  E  formed  by  a  2  :  1  length/thickness  ratio  semi¬ 
ellipse.  In  each  case  the  total  model  length  was 
considerably  greater  than  the  mean  bubble  length  so 
that  periodic  shedding,  through  interaction  of  the 
shear  layers  from  either  edge  of  the  forebody,  is 
prevented.  Model  A  was  terminated  by  a  streamlined 
trailing  edge  and  all  the  models  were  fitted  with  a 
trailing  edge  flap  for  circulation  control  so  that 
asymmetric  pressure  distributions  top-to-bottom  could  be 
generated.  Unless  stated  otherwise  all  data  presented 
here  are  for  the  symmetrical  zero  incidence  case  however, 
achieved  by  first  locating  the  model  at  as  close  to  zero 
incidence  as  possible,  and  then  using  the  flap  to 
minimise  any  residual  pressure  difference  between 
several  pairs  of  matching  tappings  (top-to-bottom)  in 
the  recirculation  region.  Generally  data  can  be 
expected  to  be  accurate  within  about  to. 015  in  Cp.  The 
experisients  were  conducted  in  nominally  smooth  stream 
conditions  (<0.1$  turbulence  intensity)  with  end  plates 
employed  for  all  tests;  both  the  present  experiments  and 
also  Brederode's  (1975)  work  have  shown  that  absence  of 
end  plates  can  cause  a  serious  artificial  extension  of 
the  bubble  by  ventilation  of  the  tunnel  wall  boundary 
layer  into  the  cavity  region.  Model  A  spanned  the 
0.6lm  width  of  a  0.6lm  x  1.02m  wind  tunnel ,  giving  a 
solid  blockage  of  3.79$.  The  data  presented  for  this 
model  vere  obtained  at  an  aspect  ratio  of  13.2  ( span 
between  end  plates/model  thickness)  but  tests  showed  no 
systematic  variations  in  data  for  aspect  ratios  down  to 
9.  The  test  Reynolds  number  was  3  x  10  4  based  upon  the 
model  thickness,  giving  a  laminar  shea:  layer  at 
separation  with  a  momentum  thicknesr  order  0.0015D. 
Transition  in  the  shear  layer  was  c  voted  by  about 
0.35D  or  7$  of  the  mean  bubble  length  (see  Hillier  and 
Cherry  1981).  The  data  for  the  remaining  models  were 
taken  in  a  tunnel  of  0.91m  x  0.91m  section,  enabling 
higher  aspect  ratios  to  be  employed.  Fairly  comprehen¬ 
sive  checks  on  aspect  ratio  effects  (Cherry,  1982; 

Latour,  1983)  suggest  that  these  are  unlikely  to  be  very 
significant  at  the  values  employed.  Geometries  B,  C  and 
D  again  produce  very  thin  laminar  boundary  layers,  but 
with  early  subsequent  transition;  they  were  tested  at  a 
Reynolds  number  (based  upon  model  thickness)  of  3.8  x  IQ1' . 
For  the  rearward  step  model,  geometry  E,  natural  tran¬ 
sition  would  occur  on  the  forebody.  This  generally  ap¬ 
peared  to  occur  asymsietrically  top-to-bottom  and  caused, 
or  was  coupled  with,  asymmetry  in  splitter  plate 
pressure  distribution  and  hence  a  mean  circulation  about 
the  sudel.  This  problem  was  eliminated  by  the  use  of 
trip  wires  on  the  forebody  for  all  tests;  the  turbulent 
boundary  layer  separation  data  have  not  yet  been  fully 
analysed  but  give  a  probable  momentum  thickness  6  at 
separation  of  0.8mm  (0.5$Lr). 

HEAR  PRESSURE  DATA 

Table  1  presents  the  measured  data  for  the  mean 
pressure  at  separation  Cps  (i.e.  strictly  the  extra¬ 
polation  of  the  splitter  plate  pressure  distribution  to 
X  ■  0)  and  at  reattachment  (~r  (both  uncorrected  for 
blockage),  together  with  the  time-mean  reattachment 
length  from  separation  on  the  centre-line  Lr  (normalised 
by  the  model  or  forebody  thickness  D)  as  determined  from 
surface  oil  flows. 


TABLE  1 


Modal 

$  solid  blockage 
(baaed  on  D) 

CP* 

CpR 

S/13 

CpR 

A 

3.8 

-0.7U 

-0.18 

U.89 

0.32 

B 

2.5 

-0.62 

-O.l 

8.8L 

0.32 

C 

2.5 

-0.58 

-0.07 

8.00 

0.32 

S 

2.5 

-0.55 

-0.05 

5.26 

0.32 

B 

5 

-0.39 

0.00 

3.0 

0.28 

Observation  of  similarity  in  pressure  distribution 
shape  in  the  bubble  region  has  led  to  various  attempts 
to  produce  a  more  universal  correlation  of  mean  pressure 
data  (e.g.  Norbury  and  Crabtree  (1955),  Roskho  and  Lau 
(1965)).  Following  Roshko  and  Lau  (1965),^in  Figure  2 
the  reduced  pressure  recovery  coefficient  Cp  is  plotted 
against  X/Lr,  ^  Cc  .CBS 

where  Cp  »  -f  * 

F  1  Cps 

and  X  is  measured  from  separation. 


Figure  2.  DISTRIBUTION  OF  REDUCED  PRESSURE  Cp. 

MODEL  A,  A;  B,  o;  C,D  ;  D,  x;  E,  +. 

ThiB  produces  an  excellent  correlation  of  data  with¬ 
in  the  cavity  region  (that  is  X/Lr  <  1.0)  for  geometries 
A  to  D,  indeed  better  than  that  actually  implied  in  the 
source  paper,  both  in  terms  of  the  shape  of  the 
distribution  and  also  In  the  recovery  to  reattachment 
CpR  which  is  included  in  Table  1.  The  constancy  of 
CpR  indicates  the  importance  of  the  separation  dynamic 
head  in  controlling  the  pressure  recovery  to  reattachment. 
Indeed,  deliberate  offset  of  the  trailing  edge  flap 
still  produced  a  good  correlation  of  data  despite 
significant  changes  in  the  pressure  level  itself.  The 
rearward  step  geometry  E  shows  a  slightly  lower  value  of 
CpR,  which  possibly  reflects  the  fact  that  although  the 
sequence  of  geometries  A  to  E  was  designed  to  produce  a 
progressive  variation  in  the  initial  shear  layer 
separation  angle  (and  hence  also  in  the  overall  shear 
layer  curvature),  geometry  E  also  shows  a  marked 
relative  increase  in  separation  boundary  layer  thickness 
compared  with  the  other  cases.  In  Chandrsuda's  (1976) 
experiment,  which  seems  to  give  the  thinnest  separation 
boundary  layer  thickness  of  those  rearward  step  data 
available  and  is  therefore  perhaps  better  for  comparison 
with  the  sequence  of  geometries  A  to  D,  a  value  of  0.32 
is  obtained.  There  are  numerous  other  studies  of  rear¬ 
ward  stepts  in  the  literature  (see  Eaton  and  Johnston 
11981 )  for  a  review),  giving  a  wide  range  of  values  for 
CpR  which  must  reflect  to  some  extent  the  differences  in 
measurement  technique,  accuracy,  etc .  There  is  certainly 
still  considerable  evidence  that  CpR  reduces  with 
increasing  separation  boundary  layer-thickness,  as  shovn 
for  example  by  the  correlation  of  Le  Balleur  and  Mirande 
U975),  and  our  present  measurements  are  in  fact 
consistent  with  this. 

SPECTRA  OF  VELOCITY  FLUCTUATIONS  AT  THE  SHEAR  LAYER  EDGE 


The  velocity  measurements  presented  here  are 
confined  to  the  shear  layer  edge  in  the  region  of  more- 
or-less  irrotational  velocity  fluctuations.  Figures  3, 
b  and  5  show  streamwise  velocity  spectra  for  models  A, 

B  and  E,  taken  along  loci  of  2j$,  3$  and  3$  local 
turbulence  intensities  respectively.  Qualitatively  the 
spectral  developments  are  similar,  that  is  a  steady  fall 
in  characteristic  frequencies  from  separation  to  about 


50J  of  the  bubble  length,  which  shows  the  progressive 
growth  of  shear  layer  scales,  followed  by  the  establish' 
ment  of  a  fixed  frequency  for  the -irregular  broad  band 
shedding  of  vorticity  from  the  bubble.  In  the  central 


In  particular  the  reattachment  shear  layer  thickness  for 
Model  E  was  noticeably  thinner  than  the  other  two,  as 
shown  by  the  mean  velocity  profiles  in  Figure  7,  so  that 
a  characteristic  shear  layer  thickness  may  eventually 
prove  to  be  the  more  appropriate  physical  scale.  This 
figure  incidentally  includes  data  from  Chandrsuda  (1976) 
for  a  very  thin  separating  shear  layer. 


Figure  W.  SPECTRA  FOR  STREAHWISE  VELOCITY  FLUCTUATIOHS 
OS  MODEL  B.  TRAVERSE  LOCUS  OF  3*  LOCAL 
1STESSITY 

region  of  the  bubble  an  overlap  between  the  two  ia  just 
detectable.  Figure  6  compares  the  spectra  some  distance 
downstream  of  reattachment,  where  it  is  seen  that  the 
values  for  the  peak  spectral  density  occur  in  the 
frequency  range  0.6  -  0.8  for  nLp/U*,  which  is  comparahLe 
to  the  value  initially  suggested  by  Mabey  (1971). 

Clearly  the  free  stream  velocity  (rather  than  the 
separation  velocity  Us  perhaps)  and  the  reattachment 
length  Lr  may  not  be  the  most  appropriate  scales  for 
generating  a  dimensionless  frequency. 


Figure  8  presents  the  variation  with  streamwise 
distance  of  the  frequency  no. 5  which  divides  each  spectra 
into  two  halves  of  equal  energy.  Here  we  have  chosen  to 
normalise  the  frequency  by  the  separation  velocity,  which 
tends  to  spread  out  the  post-reattachment  data  compared 
with  (say)  Figure  6  but  does  then  allow  inclusion  of  the 
data  of  McGuinness  (1978),  for  the  internal  separation 
at  a  pipe  inlet. 

In  the  initial  growth  region  (say  X/Lp  <  0.6)  the 
difference  in  Figure  8  between  configuration  A  and 
configurations  B/E  is  rather  surprising  since  it  had  been 
supposed  that  the  separation  velocity  Us  rould  be  the 
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Figure  7.  MEAN  VELOCITY  PROFILES  AT  REATTACHMENT  FOR 
MODELS.  THE  MEAD  VELOCITY  IS  NORMALISED  BY 
ITS  MAXIMUM  VALUE.  MODEL  A, A ;  MODEL  B,  o; 
MODEL  E,  +1  CHANDRSUDA  (1976), - . 


Figure  8.  VARIATION  OF  THE  HALF  ENERGY  FREQUENCY  WITH 

DISTANCE  X  FROM  SEPARATION.  MODEL  A,  A;  B,  0} 
E,  ♦;  McGUINNESS  (1978),  X. 

noet  plausible  normalising  velocity  here.  The  differen¬ 
ces  appear  unlikely  to  be  due  to  the  probe  reference 
positions  chosen  (2JJ  local  intensity  for  configuration 
A,  3t  for  configurations  B  and  E),  and  must  be  attribut¬ 
able  to  the  detailed  differences  in  the  initial  shear 
layer  history  due  to  effects  such  as  curvature,  the  pre¬ 
separation  transition  for  configuration  E,  and  the  fact 
that  for  configurations  B  and  E  the  initial  shear  layer 
is  relatively  much  more  isolated  from  the  surface  than 
for  configuration  A.  It  vas  not  possible,  of  course,  to 
use  a  hot  vire  to  measure  profiles  through  the  full 
shear  layer  thickness  in  the  cavity  region,  but  some 
such  thickness  together  vith  perhaps  the  average  large 
scale  disturbance  convection  velocity  are  likely  to  be 
more  appropriate  normalising  quantities.  All  these 
points  are  still  the  subject  of  the  present  investi¬ 
gation.  At  reattachment  and  dovnstreaa  the  differences 
are  the  cause  of  less  concern,  since  it  has  already 
earlier  been  remarked  that  neither  U,  nor  Lp  is 
necessarily  the  obvious  normalising  parameter.  The 
Reattachment  spectra  of  Figures  3,  1*  and  3  are  broad 
band  and  the  shedding  is  generally  an  irregular  process, 
although  quasi-periodic  bursts  of  several  <yclea  duration 
are  evident  in  velocity  signals  as  remarked  earlier  by 


Hillier  and  Cherry  for  configuration  A.  It  is  unclear 
whether  these  are  a  natural  feature  of  a  high  Reynolds 
number  flow,  or  whether  they  still  reflect  the  history, 
of  the  shear  layer  transition  since  the  mixing  layer 
experiments  of  Browand  and  Troutt  (I960)  imply  that  the 
shear  layer  reattachment  structure  is  likely  still  to  be 
weakly  dependent  upon  the  transition  process. 

Figures  9a,  b,  c  present  smoke  flow  visualisations  of 
model  A,  taken  using  a  high  intensity  strobe  flash  il¬ 
lumination  of  a  thin  segment  of  flow  field.  These 
illustrate  various  shedding  phases  observed  which, 
qualitatively,  appear  also  to  be  typical  of  the  other 
configurations.  In  Figure  9a  vorticity  sheds  from  the 
bubble  as  a  series  of  more-or-less  discrete  turbulent 
structures  with  streamwise  spacings  of  order  60t  to  80J 
Lp  which  corresponds  to  the  pseudo-periodic  shedding 
phase.  Figures  9b  and  9c  are  less  regular  and  illustrate 
respectively,  a  very  vigorous  shedding  of  large  scale 
structures  and  a  "quiescent"  phase  characterised  by  the 
absence  of  large  scale  disturbances  and  a  noticeable 
"necking"  of  the  shear  layer  downstream  of  reattachment. 
It  is  suggested  that  the  low  frequency  motions  remarked 
upon  ealier  perhaps  correspond  to  the  relaxation  time 
for  the  flow  to  change  between  these  typical  shedding 
phases. 


Figure  9. 


SMOKE  FLOW  VISUALISATIONS  FOR  MODEL  A.  THE 
TIME-AVERAGED  REATTACHMENT  POSITION  IS  MARKED 


Flow  visualisation  studies  for  the  flat  plate/ 
splitter  plate  combination  have  shown  the  shedding  from 
reattachment  of  large  scale  vortical  structures  and  the 
same  necking  phenomenon  (Savill  (1983),  Gartshore  and 
Savill  (1982)). 

SPANWISE  CORRELATIONS 

There  are  relatively  few  measurements  of  spanwise 
correlations  in  separated-and-reattaching  flows,  despite 
the  obvious  importance  of  unsteady  three-dimensional 
effects  both  in  the  initial  shear  layer  development 
downstream  of  reattachment  and  also  in  the  dynamics  of 
the  reattachment  process.  In  the  present  experiments 
spanwise  correlations  of  streamwise  velocity  fluctuations 
were  made  at  the  shear  layer  edge,  in  the  same  nearly- 
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irrotational  region  as  for  the  earlier  spectral  data. 

Figure  10  presents  data  at  reattachment  for  models 
A,  B  and  E.  Within  measurement  accuracy  these 
correlations  were  unchanged  by  a  doubling  of  Reynolds 
number,  so  that  the  spanvise  structure  at  reattachment 
appears  to  show  little  or  no  dependence  upon  the 
initial  transition  behaviour.  In  Figure  10  the  span-, 
wise  separation  Z  of  the  hot-wires  is  normalised  by  the 
reattachment  shear  layer  vorticity  thickness  5W,  which 
produces  a  satisfactory  correlation  between  the  various 
configurations.  The  figure  also  includes  the  data  of 
Browand  and  Troutt  (1980)  which  were  measured  on  the  low 
velocity  side  of  a  plane  mixing  layer  (with  8  :  1  vel¬ 
ocity  ratio)  at  a  location  corresponding  to  about  2J 
irrotational  velocity  fluctuations  and  sufficiently  far 
from  the  origin  for  transitional  effects  to  have 
disappeared.  These  show  generally  a  slightly  larger 


Figure  10.  SPAHWISE  CORRELATION  MEASUREMENTS  AT 
REATTACHMENT;  A,  MODEL  A;  o,  MODEL  B; 

♦,  MODEL  E.  HOT  WIRE  LOCATION  AS  FOR 
SPECTRAL  DATA.  DATA  FROM  BROWAND  AND 
TROUTT  (1980), - . 

scale  than  was  found  for  the  present  experiments  with  a 
somewhat  more  pronounced  low  correlation  tail  at  large 
hot  wire  separations.  The  development  of  the  lateral 
correlation  scale  with  distance  from  separation  is 
shown  in  Figure  11  for  configuration  A.  This  shows  a 


Figure  11.  STREAMWISE  DEVELOPMENT  OF  LATERAL 

CORRELATION  SCALE  FOR  CONFIGURATION  A. 

surprisingly  linear  development  up  to  the  time-averaged 
reattachaent  position,  beyond  which  the  growth  rate  is 
much  reduced.  There  appears  to  be  no  strong  extra 
tbree-diaensionalising  effect  of  reattachment  (at  least 
for  the  larger  shear  layer  scales  monitored  here)  and 
the  implication  of  the  continuous  growth  prior  to 


reattachment  would  be  that  the  separated  shear  layer 
achieves  a  near  fully  developed  stage  shortly  after 
separation. 

CONCLUDING  REMARKS 

At  least  three  distinct  phenomena  appear  to  be 
involved  in  the  evolution  of  the  shear  layer  from 
separation  to  reattachment.  In  the  initial  half  of  the 
bubble  there  is  a  fall  in  characteristic  frequency, 
showing  the  progressive  increase  of  shear  layer  scale  as 
the  shear  layer  develops  in  the  relative  isolation  from 

the  reattachment  surface.  From  the  mid-bubble  position 
onwards  the  development  of  shear  layer  structures 
becomes  increasingly  influenced  by  the  presence  of  the 
reattachment  surface  and  the  spectra  eventually  become 
dominated  by  the  large  scale  (on  average)  shedding  of 
vorticity  from  the  bubble.  Superimposed  on  the  whole 
bubble  motion  is  a  low  frequency  phenomenon,  which 
probably  corresponds  to  a  bubble  growth/decay  process  as 
it  varies  between  the  various  shedding  phases  noted 
earlier.  Since  spanvise  correlation  scales  are  less 
than  the  time-averaged  reattachment  length  it  is  likely 
that  several  different  shedding  phases  may  exist 
simultaneously  across  the  span  of  the  model. 

This  paper  is  a  preliminary  report  on  a  current 
study.  Further  measurements  will  concentrate  on  provid¬ 
ing  more  detail  of  the  unsteady  structure,  through  space- 
time  correlations  and  spectral  data. 
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ABSTRACT 

Hiuurotsti  of  ch«  man  velocity  and  turbulence 
cbaracteriatice  were  obtained  with  a  direction-sensitive 
laaer-Doppler  anemone try  in  the  wake  of  two  different 
diaka  located  in  the  centre  line  of  a  jet  exiting  from  a 
tube.  The  work  include*  profile*  of  the  axial  and  radial 
man  velocity  coaqionent*  and  ra*  value*  of  the  three 
fluctuating  velocity  component*  and  ahear  atreaa.  In  an 
affort  to  detect  the  preaence  and  magnitude  of  predominant 
frequencies,  velocity  probability  diatributiona  and 
turbulance  energy  apectra  were  alao  obtained. 

The  reaulta  indicate  a  length  of  the  recirculation 
region  equal  to  1.35  diak  diamter*  for  a  10  m  diameter 
baffle,  increaaing  with  diak  diamter,  independent  of 
initial  velocity  and  alighty  decreasing  with  the  increase 
pf  the  distance  from  the  jet  exit  to  the  baffle. 

1.  INTRODUCTION 


this  work  with  information  on  the  existence  of  periodic 
oscillations  velocity  probability  distributions  and 
turbulence  energy  apectra  were  also  obtained.  The  baffles 
of  diamter  d,  could  be  located  at  different  distances 
from  the  jet-exit  plane,  xlt  for  different  values  of  the 
initial  maximum  velocity,  U0.  The  influence  of  d,  Xi  and 
U0  in  the  characteristics  of  the  flow  was  identified. 

The  experimntal  set  up  and  measuring  procedure  are 
described  in  the  next  section  and  the  results  are  analysed 
and  discussed  in  the  following  section;  the  paper  finishes 
with  min  conclusions. 

2.  EXPERIMENTAL  SYSTEM 

A  brief  description  of  the  experimntal  set  up  is 
presented  in  subsection  2.1;  subsection  2.2  deals  with 
the  optical  and  signal  processing  arrangements  and  the 
experimntal  precision  is  referred  in  2.3.  More  details 
about  the  experimntal  system  is  given  in  reference  (12). 


Available  information  on  the  man  velocity  and 
turbulence  characteristics  of  wake  flows  with 
recirculation  is  limited  and  the  present  paper  reports 
maauremnts  obtained  with  a  laser  Doppler  anemometer 
(IDA)  in  and  around  the  region  of  recirculating  flow 
behind  disks  located  in  the  centre  line  of  a  jet. 

The  present  geometry  is  similar  to  that  existing  in 
flam  stabilisers  used,  for  instance,  in  small  furnaces 
where  a  region  of  low  velocity  and  high  mixing  is  crested 
preventing  blow-off.  References  (1)  to  (8)  report 
previous  related  investigations  and  the  results  of  (6), 
(7)  and  (8)  were  obtained  with  IDA.  Carnody  (1984),  using 
hot  wire  anemomtry  and  small  values  of  d/D,  i.e.  blockage 
indicates  lengths  of  the  recirculation  sones  behind  disks 
equal  to  2.5  diak  diamter*;  Fugii  at  al.  (1978)  give  the 
value  of  1.88  when  measuring  with  the  disk  with  a  60 
degrees  inclination  in  raspect  to  the  min  flow  and  a 
blockage  of  50Z  still  in  confined  flows.  Hinterfeld  (1965) 
quotes  recirculation  length  of  2.0  disk  diamter*  for 
blockages  of  4Z  and  25Z  and  Taylor  (1981)  refers  the 
values  of  1.75  and  2.20  for  blockages  of  25Z  and  50Z 
respectively.  Calvert  (1967)  noticed  the  presence  of 
periodic  oscillation*  corresponding  to  a  Strouhal  number 
of  0.19  and  values  of  the  drag  coefficients  and  pressure 
on  the  base  of  the  disk  arc  reported  by  Hu^hries  and 
▼leant  (1976). 

The  measurements  of  Davis  and  Beer  (1971)  and  Durao 
and  Vhitelaw  (1978)  were  obtained  in  free  annular  jets 
from  a  nossle  and  show  lengths  of  the  recirculation  sons 
equal  to  1.S2  and  1.45  disk  diamter*  respectively 
dinleuishing  with  the  increase  of  blockage.  Numerical 
prediction*  of  this  type  of  flow  were  carried  out  by  Pope 
and  Nhitalaw  (1976)  and  McCuirk  and  Taylor  (1982) .Referee 
esa  (2),  (8)  and  (11)  also  present  measurements  obtained- 
with  cone-shaped  baffles. 

The  present  report  introduces  measurements  of  the 
axial  and  radial  man  velocity  components,  U  and  V,  run 
value*  of  the  three  fluctuating  components  of  velocity, 
JxP,  ‘f?  and  /ST  sad  shear  stress,  uv.  To  conplsmnt 


2.1  Flow  Configuration 

Disks  of  l4.0  and  10.0  m  of  diamter  (dj  and  d2 
raspactively) ,  and  1.5  ns  of  thickness,  machined  with 
sharp  edges  were  located  in  the  centre  line  of  a  jet 
exiting  from  a  tube  with  42  mm  inner  diamter,  D,  and  48 
diamter*  long.  Experimnts  confirmed  that  in  the  absence 
of  the  baffles,  at  the  exit  of  the  tube  the  velocity 
characteristics  were  those  associated  with  fully  developed 
pipe  flow.  The  disks  were  supported  from  upstream  mounted 
on  5  m  diamter  and  600  m  long  rods  hold  to  the  tube 
with  two  sets  of  three,  2  am  diamter, screws.  They  could 
be  positioned  at  different  distances  from  the  jet  exit 
plane,  Xj  and  during  the  present  work  results  were 
obtained  with  xj  equal  to  10  and  75  mm.  Along  the  100  mm 
near  to  the  disk,  the  supporting  rod  had  been  machined 
smoothly  to  a  4  a  diamter.  The  tube  and  theaxisymetric 
baffle  arrangement  were  fixed  rigidly  to  a  three- 
-dimnsional  traversing  mchanism  (x,r,x).  The  detailed 
measurements  presented  in  this  report  were  undertaken  only 
after  symmetry  of  the  flow  had  been  established  by 
mssuring  profiles  of  man  velocity  90°  apart  at 
downstream  distanca*  corresponding  to  x/d  equal  to  0,  1 
and  6  and  ensuring  that  each  set  of  four  profiles  agreed 
to  within  1Z.  Subsequently  two  initial  velocities  were 
used  for  detailed  measurements,  8.2  and  10.6  m/s. 

2.2  Optical  and  Signal  Processing  Arrangements 

The  maauremnts  were  obtained  with  a  laser-Doppler 
anemometer  of  the  forward  scattering  type  operating  in 
the  dual  beam  mode  and  comprised  a  2W  Spectre-Physics 
model  165  Argon  laser,  an  OEI  optical  unit  with  two  Bragg 
calls  driven  by  an  OEI  power  supply  to  frequency-shift 
the  baams  and  a  310  m  focal  length  lens.  The  collecting 
optics  included  an  150  m  focal  length  lens  and  a  OEI- 
-810  photomultiplier  with  a  resistor-pre-amplifier  unit. 
The  measuring  control  volume  was  fixed,  the  laser  wave 
length  and  power  were  488  nm  and  around  100  mW  respecti¬ 
vely  and  the  distance  between  two  consecutive  fringes  was 
3.036  urn.  A  particle  generator  as  described  in  reference 
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(13)  was  u»«d  to  incraase  tha  number  of  light  scattering 
centra  in  tha  flow.  Tha  signal  to  noise  ratio  of  Doppler 
bursts  was  in  avarage  in  the  order  of  20  db. 

Tha  photomultiplier  output  signal  was  filtered  and 
subsequently  fed  to  a  home-made  FS02  frequency  counter, 
see  reference  (14),  with  a  dual  facility  of  analogue  and 
digital  outputs  and  a  minimum  cycle  time  of  76  microse¬ 
conds.  The  frequency  comparator  circuit  of  the  counter 
accepted  for  further  processing,  Doppler  bursts  with  a 
difference  in  frequency  between  the  8  and  16  measured 
cycles  of  less  than  0.5Z,  guaranteeing  the  absence  of 
.significant  errors  in  the  measurement  of  frequency.  The 
amplitude  discrimination  level  was  monitored  through  the 
counter.  Both  digital  and  analogue  outputs  were  analysed 
by  an  Apple  II  microprocessor:  the  former  to  obtain  the 
mean,  ms  and  probability  distribution  of  velocity  from 
at  least  10000  frequency  values  and  the  latter  to  measure 
the  power  spectral  density  from  100  blocks  of  512  values, 
first  stored  on  a  7700  Racal  magnetic  cape  recorder  and 
latter  analysed  with  a  fast  Fourier  transform  program 
as  reported  in  reference  (12).  A  9872B  Hewlett-Packard 
plotter  was  used  to  produce  Che  graphs  and  a  43  Teletype 
to  list  out  the  data. 

2.3  Precision 

The  three-dimensional  traversing  mechanism  intoduces 
errors  of  0.05  am  in  the  axial  direction  and  of  0.025  mm 
in  the  other  two  directions. 

Based  upon  the  number  of  frequency  values  considered 
for  each  measurement,  never  below  10000,  and  according  to 
Yanta  (1973),  the  error  in  the  mean  and  rma  rasults  is 
bellow  1Z. 

Considering  the  bies  associated  with  LDA,  and  the 
significence  of  the  errors  due  to  correlations  batwean 
velocity  and  signal  quality,  tee  references  (16)  and  (17), 
and  velocity  and  particle  concentration,  sac  references 
(18)  and  (19),  the  uncertainty  is  not  only  related  to 
the  discrimination  level  used  in  the  instrumentation  but 
also  to  the  flow  turbulence  intensity.  In  the  present 
study  the  uncertainties  in  the  mean  and  rms  valuas  were 
estimated  to  be  in  average  3  and  5  percent  respectively. 
The  shear  str'ass  valuas  were  obtained  from  tha 
subtraction  of  two  sets  of  rms  measurements  and  the 
average  error  associated  rounds  10Z.  Tests  made  to  the 
mean  velocity  profiles  indicate  a  conservation  of 
mosnntum  in  average  within  3Z. 

3.  RESULTS  AMD  DISCUSSION 

The  results  are  presented  in  the  next  two 
subsections:  3.1  reports  the  mean  flow  patterns  and  the 
turbulence  characteristics,  including  the  normal  and 
shear  stresses,  velocity  probability  distributions  and 
turbulence  energy  spectra  ara  introduced  in  subsection 
3.2. 

3.1  Wean  Velocity  Field 

Figure  1  presents  for  the  two  disks  of  10  and  15 
am  diameter  and  x^  equal  to  10  me,  the  axial  and  radial 
components  of  the  mean  velocity  5  am  upstream  of  the 
disk  and  shows  that  the  value  of  the  T-component  and  the 
distance  from  the  centre  line  to  the  location  of  maximum 
velocity  increaae  with  blockage.  These  profiles  may  also 
be  useful  as  upstream  boundary  conditions,  to  those  that 
will  be  testing  computer  codes  and  turbulence  models  with 
the  present  experimental  rasults. 

Figure  2  and  3  show,  for  x,  “10  am  and  U0*8.2  a/s, 
radial  profilea  of  the  exial  and  radial  mean  velocities 
respectively.  Figure  4  gives  the  mean  flow  patterns 
obtained  from  the  two  velocity  coaponents;  the  arrows 
are  proportional  to  velocity.  The  measurements  characte¬ 
rise  the  development  of  the  flow  in  the  wake  of  the  bluff 
bodies:  a  region  of  recirculating  flow  where  the  mean 
velocity  is  negative,  e  region  where  the  flow  it 
accelerating  until  a  maximum  velocity  is  reached  at  the 
centre  line  sad  a  downstream  region  where  the  velocity 
decreases  in  a  way  similar  to  that  of  a  free  jet.  Both 
U  and  ?  profiles  at  x*90  am  do  not  present  visible 
differences  due  to  disk  diameter  and  at  i*  120  am  (x/d^a 
■8,  s/d]  *12)  the  axial  mean  velocity  profiles  if 
normalised  with  the  centre  line  velocity  and  plotted 
against  radial  distance  normalised  with  the  width  of  the 
jet  corresponding  to  the  location  of  half  the  centre  line 


Fig.  1.  Radial  profiles  of  the  axial  and  radial 
□ean  velocities.  xj  •  10  an;  U0*  8. 2  m/s¬ 
od  *10  tom;  J^d  •  15  sm. 


Fig.  2.  Radial  profiles  of  the  axial  mean  velocity, 
xj  *  10  ms;  U„*8.2  m/s. 
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Fig.  4.  Maan  Flaw  pattern 


velocity,  are  not  significantly  different  from  that 
aaaociatad  with  fully  developed  free  jets,  confirming 
the  rapid  spreading,  mixing  and  development  of  these 
wake  flows.  Imeddiatcly  downstream  of  the  disks,  in 
contrast  to  the  results  obtained  with  the  annular  jets, 
the  width  of  the  recirculation  regions  increasas,  having 
maximum  values  around  x/d»0.5  of  2  r/d“1.13  and  1.10 
for  disks  of  IS  and  10  as  diameter  respectively.  The 
corresponding  recirculation  zone  lengths  at  the  centre 
line  are  1.7S  d}  and  1.32  d2 >  slightly  larger  negative 
velocities  are  associated  with  larger  disks. 

The  profiles  of  the  radial  velocity  in  figure  3 
show  chat  in  and  around  the  recirculation  region  the 
radial  velocity  is  of  significance  with  a  positive  sign 
u  i*5  m  changing  to  negative  with  downstream  distance 
and  to  close-to-zero  still  further  downstream.  The 
location  of  zero  axial  and  radial  velocities,  i.e.  the 
locus  of  the  circle  through  the  centre  of  the  toroidal 
vortex,  is  at  x/d-0.65  and  2r/d«1.2  for  the  case  of 
d  -  15  im»  and  x/d“0.5  and  2r/d  «  1  for  the  case  of 
d  *  10  mm. 

Figure  5  presents  profiles  of  the  centre  line  mean 
velocity,  Dc^,  for  different  values  of  U0  and  X}.  It 
confine  that  the  increase  of  baffle  diaswter  increases 
the  recirculation  zone  and  the  values  of  the  maximum 
positive  and  negative  velocities.  The  increase  i  x^ 
slightly  diminuishes  the  length  of  the  recirculation 
region  which  is  not  dependent  on  the  value  of  Uc.  U0 
and  X}  seem  to  have  no  significant  effect  on  the  maximum 
values  of  velocity. 

If  the  present  measuresmnts  are  cohered  with  those 
of  previous  authors,  even  considering  the  inaccuracies 
that  in  soma  cases  previous  results  may  have,  it  is  clear 
that  the  geometry  of  the  flow  has  a  considerable 
influence,  for  instance,  on  the  length  of  the  region  of 
recirculation  and  extrapolations  from  one  arrangement  to 
another  must  be  carried  out  with  great  care. 


Fig.  3.  Centre  line  profiles  of  mean  velocity. 
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3.2  Turbulent  Field 

Figures  6,  7  and  8  show  for  the  tame  conditions  of 
figure  2,  radial  profiles  of  the  rat  values  of  the  axial, 
radial  and  tangential  components  of  velocity,  respective¬ 
ly.  For  the  smaller  disk  figure  9  gives  the  corresponding 
isolines  obtained  with  linear  interpolation.  It  can  be 
seen  that  the  turbulent  field  has  a  large  dependence  on 
the  baffle  dimensions  but  most  of  the  differences  result 
from  the  variations  existing  in  the  mean  velocity  field. 
In  general  the  larger  disk  shows  higher  turbulence 
intensity  values.  The  radial  and  also  the  tangential 
velocity  fluctuations  have  their  maximum  value  slightly 
downstream  the  mean  stagnation  point.  In  a  large  region 
around  this  point  both  fluctuations  are  much  larger  than 
the  axial  fluctuations,  confirming  that  the  turbulence  is 
strongly  anisotropic.  Along  the  centre  line  this  region 
extends  from  the  location  of  maximum  negative  mean 


Fig.  6.  Radial  profiles  of  the  axial  velocity 
fluctuations,  x^  «  10  mm;  Uq“8.2  m/s. 


Fig.  7.  Radial  profiles  of  the  radial  velocity 

fluctuations,  x,  •  10  m;  U  »  8.2  m/s. 
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Fig.  8.  Radial  profiles  of  cha  tangential  velocity 
fluctuations,  X|  •  10  sn;  UQ-8.2  m/s. 


rms  of  the  u-f luctuationa  increases  from  the  centre  line 
to  the  edge.  Outside  this  region,  the  axial  fluctuations 
continue  to  increase  rapidly  in  the  axial  direction, 
reach  a  maximum  value  and,  at  still  larger  radii,  fall 
to  a  minimum,  close  to  the  location  of  maximum  mean 
velocity,  which  increases  very  rapidly  with  downstream 
distance.  From  the  centre  line  to  the  edge  of  the 
recirculation  zone  the  radial  and  tangential  stresses 
exhibit  a  much  lass  pronounced  increase  than  that  noticed 
in  the  axial  normal  stress;  further  away  from  the  centre 
line,  the  general  behaviour  of  all  the  normal  stresses  is 
similar  although  their  magnitude  differ  and  the  locations 
of  maxima  and  minima  are  not  coincident.  Downstream  the 
recirculation  zone,  the  three  normal  stresses  tend  to 
disdnuish  and  at  x  •  ISO  mi  the  presence  of  the 
recirculation  region  starts  to  be  unrecognizable  and  their 
variation  starts  to  be  similar  to  that  of  free  turbulent 
jets. 

From  the  values  presented,  the  turbulence  kinetic 
energy  can  be  evaluated  by  adding  the  three  normal 
stresses.  This  is  relevant  to  turbulence  models  which 
make  use  of  the  corresponding  conservation  equation,  but 
the  prasent  flow  is  far  from  isotropic  and  conservation 
equations  for  each  of  the  normal  stresses  seem  to  be 
required  to  represent  the  detail  o£  the  present  flow, 
except perhans  in  the  far  downstream  region. 

Figure  10  shows  values  of  the  shear  streas  for  the 
same  conditions  of  previous  figures.  They  were  obtained 
by  subtracting  two  sets  of  measurements  made  with  the 
plane  of  the  two  laser  beams  inclined  +45°  and  -45°  with 


Fig.  9.  Iso  lines  of  a)  ^P/0o,  b)  and 

c)  »V/0o. 

d  *  10  m;  X|  ■  10  m;  0O  ■  8. 2  m/s . 

velocity  ending  at  x/d  equal  to  9.  The  maxlun  value  of 
the  axial  (luctuationa  is  slightly  higher  than  the  other 
turn,  of  the  v  and  w  fluctuations ,  but  localised  just 
downstream  the  locus  of  the  circle  through  the  center  of 
the  toroidal  vortex.  In  the  canter  line  the  naxiaxm value 
of  the  axial  fluctuations  also  occurs  close  to  the 
location  of  aero  naan  velocity;  further  dovnstrean,  close 
to  the  point  of  maximum  naan  velocity  the  turbulence 
intensity  reaches  a  minima  value  of  around  15X. 

la  the  recirculation  region  the  turbulence  intensity 
ia  never  loos  than  around  301  and  in  spite  of  the 
decrease  in  the  magnitude  of  the  naan  axial  velocity,  the 


zero  shear  do  not,  in  general,  coincide  with  those  of 
saro  mean  velocity  gradient  or  turbulence  kinetic  energy. 

As  shown  in  figure  11  the  velocity  probability 
distributions  of  the  axial  component  of  velocity  neasured 
along  the  centre  line,  including  those  obtained  inside 
the  recirculation  region  and  close  to  the  stagnation 
point,  were  near  Gaussian  in  nature  varying  nainly  with 
the  rms  value  and  naan  velocity.  However,  when  manuring 
radialy  at  x/d*l,  binodal  distributions  wars  detected 
close  to  the  centre  of  the  toroidal  vortex,  as  shown  in 
figure  12,  suggesting  the  presence  of  predominant 
oscillations  coexisting  with  the  turbulent  fluctuations. 
The  distribution  manured  in  the  recirculation  zone, 

2r/d  -  0.4  as  those  obtained  along  the  centre  line, 
continues  to  be  near  Gaussian.  Those  obtained  close  to 
the  point  of  maximum  velocity,  2r/d  equal  to  1.8  and  2.4, 
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Fig.  11.  Probability  distributions  of  the  axial 
velocity  component  matured  along  the 
centre  line. 

d  ■  10  m;  x/d  ■  1;  xj  ■  10  mm;  UQ  ■  8.2  m/s. 


Fig.  12.  Probability  distributions  of  the  axial 
velocity  component  obtained  with  the 
disk  at  different  radii. 

d  ■  10  ■;  x/d  •  1;  x.  ■  10  m a;  U  -  8.2  a/s 
*  o 

are  spiky.  The  figure  alto  gives  values  of  skewness  and 
flatness.  The  innacuracy  of  these  values  is  significant 
but  the  overall  pattern  is  correct  and  allows  to 
interprets  the  nixing  mchanisa  existing  at  this 
downstream  plane. 

To  maaure  the  frequency  of  the  periodic  instabili¬ 
ties  noticed  already  in  the  velocity  probability 
distributions,  energy  spectra  of  the  analogue  output  of 
the  counter  were  attempted.  Special  measuring  conditions  were 
created  to  increase  the  particle  arrival  rate  and  figure 
13  shows  the  result  with  the  ordinate  nonsslised  to  have 
the  total  energy  equal  to  unity.  The  microcomputer  needed 
several  hours  to  analyse  all  the  frequency  results 
measured  for  a  period  of  around  three  minutes  end  stored 
in  the  magnetic  take  for  overnight  processing.  The 
innacuraciea  increase  towards  the  lower  frequencies  but 
a  peak  is  detectable  at  around  ISO  Hs.  The  corresponding 
Strouhal  number  based  on  disk  diameter  and  initial 
velocity,  is  0.18,  value  close  to  that  reported  by 
Calvert  (3),  0.19. 

4.  CONCLUSIONS 

The  experimental  investigation  lead  to  the  following 
more  important  conclusiona: 

(1)  Recirculation  lengths  of  1.73  and  1.33  baffla 
diameter  were  measured  with  disks  of  13  and  10 
am  diameter  respectively.  The  recirculation 
tone  is  independent  of  initial  velocity  and 
slightly  decreases  with  the  increase  of  the 
distance  from  the  jet  exit  to  the  stabiliser. 

(2)  The  locations  of  sero  axial  man  velocity, 
which  occur  at  the  border  of  the  recirculation 


Fig.  13.  Turbulence  energy  spectra. 

d  ■  10  inn;  x/d*  .2;  2r/d  ■  1.2;  x.  •  10  urn; 
U0-8.2m/s. 

region  do  not  coincide  with  those  of  zero 
values  of  radial  man  velocity  except  at  the 
circle  through  the  centre  of  the  toroidal 
vortex. 

(3)  The  turbulence  intensity  in  the  recirculation 
region  is  never  below  301  and  strongly 
anisotropic.  In  general,  larger  velocity 
fluctuations  were  associated  with  the  larger 
disk.  The  locations  of  zero  shear  stress  did 
not  coincide  always  with  those  of  zero  velocity 
gradient  or  turbulence  kinetic  energy. 

(4)  In  a  large  region  around  the  centre  line,  the 
radial  and  tangential  fluctuations  are  much 
larger  than  the  axial  fluctuatons.  The  maximum 
value  of  the  axial  fluctuations  is  located  off 
axis  shortly  after  the  center  of  the  toroidal 
vortex. 

(5)  Binodal  velocity  probability  distributions  and 
the  corresponding  peak  in  the  turbulence  energy 
spectra  were  detected  in  the  wake  associated 
to  a  Strouhal  number  of  0.18.  Most  of  the 
recirculation  zone  do  not  reveal  this  periodic 
ins tsbilities. 
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ABSTRACT 

Measurements  of  turbulent  velocity 
fluctuations,  shear  stresses,  and  the  con¬ 
centration  fluctuations  of  a  tracer  gas  are 
reported  for  a  swirling  air  flow  in  a  stepped 
sudden  expansion.  Tests  were  conducted  at 
three  different  swirl  intensities,  giving  two 
flow  regimes:  a  vortex  breakdown  flow  at  high 
swirl,  and  an  unsteady  precessing  flow  at  low 
swirl.  Shear  stresses  and  time-mean  con¬ 
centration  data  indicated  mixing  at  all  swirl 
levels  to  be  about  equally  fast,  but  con¬ 
centration  fluctuation  measurements  showed  a 
large  unmixedness  at  low  swirl,  corresponding 
to  the  large  scale  motion  of  the  precessing 
flow. 

NOMENCLATURE 

I  -  axial  momentum  flux 

k  -  turbulent  kinetic  energy 

L_,  L-  -  velocity  and  concentration 

macro  length  scales 

Q  -  volumetric  flow  rate 

r  -  radius 

R  -  wall  radius  of  test  section 

u^  -  Q/irRa  -  reference  velocity 

u  -  axial  velocity 

v  -  radial  velocity 

w  -  tangential  velocity 

9  -  swirl  parameter  in  swirl  generator 

8t  -  swirl  parameter  in  throat 

o  -  density 

n  -  angular  momentum  flux 

INTRODUCTION 

Swirling  flows  are  widely  used  to  achieve 
high  mixing  intensities  in  combustors  and 
reactors.  Of  particular  importance  for  such 
applications  is  the  occurrence  of  a  central 
recirculation  sone  or  "vortex  breakdown”,  which 
appears  when  a  flow  of  sufficiently  high  swirl 
exits  into  a  duct  or  furnace  of  larger  cross- 
section.  Xn  general,  the  additional  velocity 
gradients  generated  by  the  tangential  velocity 
component  in  a  swirling  flow  result  in  higher 
turbulence  levels  than  in  an  equivalent  non- 
swirling  flow;  vortex  breakdown  further  en¬ 
hances  turbulence  production  and  mixing,  and 
also  provides  aerodynamic  flame  stabilization. 


In  spite  of  the  industrial  importance  of 
vortex  breakdown  flows,  little  experimental 
data  on  their  turbulence  proporties  is  avail¬ 
able,  apart  from  free  jet  measurements  by 
Hbsel  /I/  and  Hellat  12/ ,  and  data  from  the 
double  swirl  combustor  of  Gouldin  et  al/3,4/. 
The  purpose  of  the  present  work  was  therefore 
to  measure  turbulence  quantities  and  assess 
mixing  in  a  breakdown  flow  and  compare  them  to 
those  in  flows  at  lower  swirl  without  break¬ 
down. 

EXPERIMENTAL  EQUIPMENT 

The  geometry  of  the  model  in  which  ex¬ 
periments  were  carried  out  (Fig.  1)  typifies 
a  simple  combustor,  in  which  fuel  is  injected 
through  a  central  nozzle  into  the  mixing 
region  downstream  of  the  stepped  sudden  expan¬ 
sion.  Swirl  of  variable  intensity  was  produced 
by  a  swirl  generator  of  the  tangential  inlet 
type.  The  model  itself  consisted  of  plexiglas 
tubes  of  various  diameters  with  numbered  ports 
for  the  insertion  of  probes;  the  port  spacing 
was  0.5  R.  A  nozzle  (Fig.  2),  located  as  shown 
in  Fig.  1,  served  to  introduce  tracer  gases 
into  the  main  air  stream  for  mixing  experiments. 
Attention  was  concentrated  on  the  main  mixing 
region  downstream  of  the  expansion,  extending 
roughly  from  station  6  to  station  10. 

Measurements  of  the  local  time-mean  velo¬ 
city  components  were  made  with  a  five-hole 
Pitot  probe  with  a  head  diameter  of  2.2  mm, 
while  hot-wire  probes  were  used  to  determine 
the  turbulent  velocity  fluctuations  and  shear 
stresses.  Since  swirling  flows  are  three- 
dimensional,  all  six  components  of  the  turbul¬ 
ent  stress  tensor  were  required. 

The  very  high  turbulence  intensities  en¬ 
countered  in  this  flow  (average  about  60%) 
precluded  the  use  of  conventional  series  ex¬ 
pansion  hot-wire  signal  analyses.  Use  was 
therefore  made  of  an  approximate  method  based 
on  one  proposed  by  Acrivlellis  /5/,  in  which 
the  resultant  of  the  time-mean  velocities  at 
a  particular  wire  orientation  is  equated  to  the 
DC  component  of  the  linearized  hot-wire  signal, 
and  that  of  the  fluctuating  components  to  the 
mean  square  signal.  This  results  in  measured 
mean  velocities  being  too  high,  and  turbulent 
stresses  too  low,  although  the  sums  of  mean 
and  fluctuating  components  are  given  correctly. 
Estimates  of  this  error  were  made,  using  series 
expansions  at  low  turbulence  intensity  and 
extrapolating  the  results  to  high  levels  using 
the  "rotating  vector"  model  for  the  velocity 
fluctuations  proposed  by  Schollmeyer  /6/. 
Depending  on  the  relative  magnitudes  assumed 


for  the  different  fluctuating  velocity  compo¬ 
nents,  the  error  in  the  measured  RMS  velocity 
fluctuation  was  estimated  at  10-1 5*;  this 
error  was  nearly  independent  of  turbulence 
intensity  111 . 

The  actual  hot-wire  measurement  procedure, 
described  in  detail  in  /7 /,  involved  the  use  of 
90*  und  45*  probes  at  a  total  of  7  different 
wire  orientations.  Probes  were  inserted  radial¬ 
ly  into  the  flow,  and  a  system  of  rotating  the 
probe  system  to  correspond  to  the  local  flow 
direction  was  adopted  to  ensure  that  the  wires 
did  not  lie  in  the  wakes  of  their  support  pins. 

Measurements  of  the  local  time-average 
concentration  of  the  nozzle  fluid  were  made 
using  natural  gas  ($1%  CHOas  a  tracer  and 
sampling  probes  connected  to  infra-red  gas 
analyzers.  Concentration  fluctuations  were 
determined  using  helium  as  a  tracer.  An  aspir¬ 
ating  probe  with  a  hot  wire  mounted  inside, 
responding  to  the  change  in  thermal  conductivi¬ 
ty  of  the  air  due  to  the  presence  of  the 
helium,  recorded  the  instantaneous  tracer 
concentration  /7,8/.  This  probe  could  resolve 
concentration  fluctuations  of  up  to  200  Hz  in 
frequency . 

The  chief  similarity  parameter  for  swirl¬ 
ing  flows  is  the  swirl  number,  defined  as 
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Experiments  were  performed  at  three  different 
swirl  levels,  characterized  by  the  swirl 
number  e  in  the  swirl  generator  as  determined 
from  the  swirler  geometry.  Values  of  e  »  1.10, 
1.60  and  2.06  were  set,  yielding  actual  swirl 
numbers  in  the  throat  0<j  (determined  by  in¬ 
tegration  of  measured  velocity  profiles)  of 
0.23,  0.32  and  0.41  (based  on  the  throat  dia¬ 
meter)  .  The  Reynolds  number  for  the  turbulence 
measurements  was  48000,  based  on  the  diameter 
2R  (Fig.  1).  Measured  velocities  were  made 
dimensionless  with  the  reference  velocity 


draws  itself  to  the  wall  through  self-entrain¬ 
ment  and  is  caused  to  precess  by  the  swirl  /7, 
9/ .  This  motion  was  accompanied  by  the  shedding 
of  large  eddies  from  the  wake  behind  the  step 
of  the  expansion.  At  0  «  1.10  the  precession 
was  strong  and  regular,  but  became  weaker  as 
the  critical  swirl  number  for  breakdown  was 
approached;  at  0  «  1.60,  for  example,  frequency 
analysis  showed  no  trace  of  it  after  station  9. 

Fig.  4  gives  the  measured  profiles  of  the 
turbulent  kinetic  energy  k 
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while  Fig.  5  shows  the  proportion  of  k  contain¬ 
ed  in  the  periodic  component  of  the  flow  at  low 
swirl.  At  station  6  the  locations  of  the  strong¬ 
est  fluctuations  correspond  closely  with  the 
steep  velocity  gradients  between  the  forward 
flow  and  the  wake  flow  behind  the  step,  and 
(at  0  ■  2.06)  on  the  boundary  of  the  centra' 
recirculation  zone  (Fig.  3).  However,  at 
station  7  the  radial  outflow  and  intense  t" 
bulent  mixing  have  already  moved  these  max 
away  from  the  areas  of  the  strongest  veloc. 
gradients.  The  central  recirculation  is  see  -o 
transport  flow  of  low  turbulence  intensity 
stream.  Further  downstream  the  velocity 
gradients  are  rapidly  smoothed  out,  leadin' 
a  sharp  decrease  in  turbulence  production; 
transport  and  dissipation  now  dominate  the 
energy  budget.  Since  a  high  velocity  results  in 
a  short  residence  time  and  hence  less  dissipa¬ 
tion  of  energy,  the  profiles  of  turbulent 
energy  have  assumed  shapes  very  similar  to 
those  of  the  axial  velocity  by  station  8 .  The 
departures  from  this  near  the  wall  are  due  to 
production  in  the  boundary  layer  and  to  the 
precession.  The  precession  is  partly  respons¬ 
ible  for  the  continued  high  energy  at  0  •  1.10, 
while  the  turbulence  energy  for  0  *  1.60  drops 
to  the  level  of  0  »  2.06  after  the  precession 
has  died  down  at  station  9. 

The  local  turbulence  intensity  T,  defined  as 


\4T/(u’ 
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Ug  -  Q/irR*  .  (2) 

THE  TORBULEHT  FLOW  FIELD 

Fig.  3  shows  time-swan  velocity  profiles 
downstream  of  the  throat  as  measured  with  the 
five-hole  probe.  At  the  highest  swirl  (6  »  2.06) 
vortex  breakdown  occurs  immediately  on  leaving 
the  throat,  forming  a  recirculation  zone  ex¬ 
tending  as  far  as  station  10,  just  over  one 
test  section  diamter  2R  from  the  throat.  Des¬ 
pite  the  size  of  the  back flow- region,  only 
about  104  of  the  total  mass  flow  recirculates. 
Characteristic  for  a  breakdown  are  the  large 
radial  velocities  at  station  6  and  the  rapid 
formation  of  the  recirculation  "bubble* .  At 
lower  swirl  numbers  C>  1.60)  no  breakdown 
occurs,  and  the  flow  maintains  its  forward 
motion  throughout  the  test  section.  In  all 
cases  the  flow  separates  from  the  wall  on 
leaving  a  small  recirculating  wake  behind  the 
step.  The  results  for  0  ■  1.10  were  similar  to 
tbose  for  8  •  1.60  except  that  the  velocity 
profiles  changed  shape  more  slowly.  The  critical 
swirl  number  for  the  onset  of  breakdown  was 
found  to  be  0  ■  1.8-1. 9  (&r«  0.37-0.39). 

The  flows  studied  at  the  two  lower  swirl 
numbers  were  found  to  be  unsteady,  and 
spectrum  analysis  of  hot-wire  signals  indicated 
the  presence  of  a  low  frequency  oscillation. 
Plow  visualisation  with  saoks  showed  that  the 
an tire  flow  emerging  as  a  jet  from  the  throat 
was  processing  as  a  body  around  the  test 
section  axis.  This  phenosMnon  has  yet  to  be 
studied  in  detail,  but  appears  to  be  seme  sort 
of  rotating  Coanda  effect,  in  which  the  jet 


in  all  cases  averaged  about  60%  throughout  the 
test  section,  and  varied  little  from  station  to 
station,  except  at  station  6,  where  the  large 
velocities  reduced  it  to  25-30%.  These  high 
values  are  in  part  due  to  the  large  velocity 
gradients  associated  with  the  expansion,  but 
also  to  irregular  fluctuations  in  the  shape  of 
the  central  recirculation  zone  at  high  swirl, 
and  to  a  large  degree  to  the  precession  at  low 
swirl.  Comparable  turbulence  intensities  have 
been  measured  in  strongly  swirling  free  jets 
/ 2/.  Gouldin  et  al  / 3,4/  reported  much  lower 
values,  of  the  order  of  30%  or  less,  for  their 
swirl  combustor;  however,  theirs  was  not  a 
sudden  expansion  flow  but  two  co-flowing 
streams . 

Figs.  6  and  7  show  measured  turbulence 
quantities  for  0  *  2.06  and  0  »  1.60.  At  low 
swirls  the  precession  caused  noticeable  errors 
in  these  quantities,  particularly  in  the  shear 
stresses,  which  are  most  sensitive  to  measure¬ 
ment  error.  For  this  reason  no  results  are 
presented  for  0  •  1.10,  and  no  shear  stresses 
for  0  ■  1.60.  As  a  test  of  the  validity  of  the 
measurements ,  the  Reynolds  equations  require 
that  on  the  axis 

vTt  ■  w ' 1 ;  u * v *  ■  v *w 1  •  0  (5) 

The  results  shown  in  Figs.  6  and  7  fulfill  these 
conditions,  with  the  single  exception  of  station 
7  of  0  ■  1.60;  the  rejected  measurements,  how¬ 
ever,  all  showed  large  (and  physically  unreal¬ 
istic)  negative  shear  stresses  near  the  axis. 
These  errors  are  thought  to  result  from  the 
interaction  of  the  precession  with  probe 


disturbances . 

Near  the  throat  the  turbulence  is 
decidedly  anisotropic .  the  axial  velocity 
component  uTr  being  roughly  twice  the  other 
two  (Fig.  6,7).  The  predominance  of  this 
component  may  be  traced  to  the  fact  that  the 
axial  velocity  is  also  the  greatest  time  mean 
component  and  exhibits  the  steepest  gradients. 
The  u”  component  possesses  the  largest 
portion  of  the  total  kinetic  energy  and 
steadily  feeds  it  to  v' 1  and  wTT ;  these  then 
become  fairly  uniform  and  decay  quite  slowly, 
while  urr  drops  rapidly  to  their  level.  At 
lower  swirl  (0  •  1.60)  the  larger  mean  axial 
velocity  near  the  axis  decreases  residence 
time  and  dissipation,  maintaining  u"rr  at  a 
higher  level.  The  precession  also  contributes 
to  this;  its  action  may  be  visualized  as  a 
to-and-fro  motion  of  the  mean  velocity 
profiles.  In  interpreting  the  behaviour  of 
wTT,  it  should  be  recalled  that  the  approp¬ 
riate  gradient  is  6(w/r)/6r  -  a  forced  vortex 
has  no  shear. 

The  shear  stresses  u1v 1  and  v'w' ,  re¬ 
presenting  radial  trahsport  of  axial  and 
tangential  momentum  respectively,  also  give 
qualitative  information  on  turbulent  mass 
transfer  in  the  radial  direction.  Both 
quantities  exhibit  very  similar  behaviour. 

At  0  »  2.06  large  rates  of  transport  both 
outward  to  the  outer  separated  flow  region 
and  inward  to  the  central  recirculation  are 
evident  at  stations  6  and  7  (Fig.  6).  The 
magnitude  of  these  stresses  indicate  that  very 
rapid  mixing  should  be  possible  in  this  region. 
As  the  fluctuating  velocity  components  begin 
to  approach  isotropy  at  station  8,  however, 
the  radial  stresses  drop  very  rapidly.  This 
suggests  that  if  mixing  is  not  substantially 
complete  by  station  8,  the  remaining  mixing 
will  occur  very  slowly.  Much  the  same  pattern 
was  observed  at  lower  swirls,  and  the  stresses 
measured  were  very  similar  in  magnitude.  The 
third  shear  stress,  u'w' ,  represents  an  axial 
transport  of  tangential  momentum,  and  is  of 
no  significance  for  the  mixing  of  the  nozzle 
fluid. 

The  measured  turbulent  shear  stress  can 
be  compared  to  those  for  free  swirling  jets  by 
treating  the  throat  as  the  jet  nozzle.  Ex¬ 
periments  by  Hellat  111  and  Hdsel  !M  show 
that  shear  stresses  increase  with  swirl,  the 
present  results  corresponding  roughly  to  a  free 
Jet  with  8.  w  1;  the  enclosed  flow  therefore 
has  a  higher  exchange  rate  than  a  free  jet  at 
the  same  swirl  number. 

MIXING  AND  CONCENTRATION  FLUCTUATIONS 

The  high  mixing  intensities  predicted  from 
the  shear  stresses  at  station  6  and  7  were  con¬ 
firmed  by  tracer  gas  experiments.  Measurements 
of  local  time-mean  concentrations  showed  that 
a  uniform  distribution  of  nozzle  fluid  concen¬ 
tration  over  the  flow  cross-section  had  been 
achieved  by  station  10  (1.1  diameters  from  the 
throat)  at  9  ■  2,06,  and  by  station  11  at 
lower  swirl.  The  time  mean  mixing  experiments 
would  thus  suggest  that  mixing  rates  were  near¬ 
ly  independent  of  swirl  level.  Measurements  of 
tracer  concentration  fluctuations,  however, 
revealed  marked  differences  in  the  quality  of 
mixing,  which  are  evident  in  the  turbulence 
intensities  of  the  concentration  fluctuations 
(Fig.  8).  Large  fluctuation  intensities  are 
recorded  at  low  swirl  (up  to  60%  for  9  «  1.10), 
Indicating  a  large  "unmixedness"  at  the  point 
where  time  mean  measurements  indicated  sub¬ 
stantially  complete  mixing.  Oscilloscope 
traces  of  the  concentration  signal  showed  large 
irregular  fluctuations  super-imposed  on  a 
slower,  more  regular  oscillation  of  the  mean 
concentration,  patterns  associated  with  eddy 


shedding  and  precession  respectively.  As  the 
precession  becomes  weaker  and  disappears  with 
increasing  swirl,  the  unmixedness  is  sharply 
reduced.  With  vortex  breakdown  (S  =  2.06)  the 
concentration  signal  exhibited  a  much  finer 
structure  with  no  large  scale  or  periodic 
fluctuations . 

These  results  allow  mixing  at  low  swirl  to 
be  separated  into  a  coarse  mixing  through  pre¬ 
cession  and  large  scale  eddy  shedding,  and  a 
finer  mixing  by  the  actual  turbulence.  The 
"true"  turbulent  mixing  decreases  in  intensity 
at  lower  swirl  levels,  as  would  be  expected 
from  results  for  free  swirling  jets  /1, 2/, 
while  the  contribution  of  the  precession  rises , 
so  that  the  measured  time-mean  mixing  remains 
nearly  constant.  The  turbulent  shear  stresses 
and  the  time  mean  mixing  experiments  thus  give 
a  very  incomplete  picture  of  the  state  of  mix¬ 
ing  at  low  swirl.  The  role  of  the  vortex  breakdown  in 
improving  the  quality  of  mixing  is  two  fold:  it  stabil¬ 
izes  the  flow,  preventing  large  scale  unsteady  motion 
and  coarse  mixing,  while  relatively  long  residence 
time  of  the  fluid  in  this  zone  allows  anple  time  for 
dissipation  and  reduction  of  eddy  length  scales. 

In  accordance  with  the  observed  sharp  drop 
in  turbulent  shear  stresses  after  station  8 , 
the  reduction  of  the  unmixedness  remaining  at 
station  10  requires  a  considerable  distance, 
and  in  the  precessing  flows  concentration 
fluctuations  are  still  measurable  at  station  15, 
3  diameters  from  the  throat  (Fig.  8) . 

Fig.  9  compares  eddy  macro  length  scales 
for  velocity  and  concentration  fluctuations  at 
9  «  2.06  as  measured  by  correlation  of  the  hot¬ 
wire  signals.  The  velocity  length  scale  Lg 
rises  towards  the  wall  as  a  result  of  produc¬ 
tion  in  the  boundary  layer.  The  concentration 
length  scale  LK  increases  above  the  velocity 
scale  as  concentration  eddies  coalesce;  in  the 
limit  as  mixing  goes  to  completion,  Lg  becomes 
infinite.  No  meaningful  length  scales  could  be 
measured  at  9  «  1.60  and  1.10  because  of  the 
precession. 

CONCLUSIONS 

(1)  Turbulence  in  a  swirling  flow  immedia¬ 
tely  downstream  of  a  sudden  expansion  is  highly 
anisotropic,  the  axial  velocity  fluctuations 
being  initially  much  larger  than  the  other 
components.  Transport  of  turbulent  kinetic 
energy  plays  a  strong  role,  so  that  regions  of 
maximum  turbulent  exchange  do  not  always 
coincide  with  velocity  gradients.  The  turbulent 
shear  stresses,  initially  very  high,  drop 
sharply  about  a  half  test  section  diameter 
downstream  of  the  expansion. 

(2)  In  a  flow  wit):  a  periodic  disturbance 
or  large-scale  eddy  shedding,  predictions  of 
mixing  or  combustion  based  on  measured  turbu¬ 
lent  shear  stresses  or  time-mean  mixing  ex¬ 
periments  may  be  erroneous.  The  bulk  motion  in 
such  flows  produces  only  a  coarse  mixing  and  a 
large  unmixedness,  and  is  probably  undesirable 
in  technical  applications. 
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Fig.  1.  CROSS-SECTIONAL  SKETCH  OF 
EXPERIMENTAL  MODEL,  SHOWING  MEASURING  PORTS 
FOR  THE  INSERTION  OF  PROBES 


Fig.  2.  NOZZLE  FOR  THE  INJECTION  OF 
TRACER  GAS 
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Fig.  3.  PROFILES  OF  TIME  MEAN  VELOCITY  COMPONENTS  u,  v  and  w 
AT  VARIOUS  STATIONS,  NORMALIZED  WITH  UR(a)  0«1.60;  (b)  0«2.06 


Fig.  7.  TURBULENT  VELOCITY  FLUCTUATIONS  Fig.  8.  TURBULENCE  INTENSITY  OF  NOZZLE  FLUID 

FOR  0  «  1.60,  NORMALIZED  WITH  UR  CONCENTRATION  FLUCTUATIONS 
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Fig.  9.  MACRO  (INTEGRAL)  LENGTH  SCALES 
OF  VELOCITY  FLUCTUATIONS  LE  AND 
CONCENTRATION  FLUCTUATIONS  LK 
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